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Abstract 
 
 
To promote the use of gold nanoparticles as an enhancement agent from a principle concept into 
therapeutic applications, it is imperative to obtain detailed knowledge of the nanoparticle-induced 
radiobiological mechanisms. Synchrotrons are the preferred x-ray source when conducting 
systematic investigations regarding the role of gold nanoparticles in radiation therapy. The 
primary objective motivating this dissertation was to circumvent existing limitations at the 
interface between synchrotron science and cell biology. The phenomenon that inspired this goal is 
the observation that gold nanoparticles mediate the behavior of cells maintained under deviated 
environmental culture conditions. To accomplish this cross-disciplinary achievement, each part of 
the experiment process is critically reviewed and reassessed. The viability assessment based on 
the conversion of the tetrazolium salt MTT (3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium 
bromide) is modified to quantify the number of viable cells in the irradiation vessel. The 
established concept for horizontal irradiations enables the treatment of the living cells maintained 
under optimal cell line-specific culture conditions at synchrotron beamlines. The introduced 
sample transportation strategy completes the procedure, which is finally characterized by a 
minimized number of experimental parameters. By allowing living cells to proliferate 
uninterrupted and undisturbed throughout the experiment, the established method generates 
reliable and meaningful results that reflect the true cellular response to monochromatic keV x-
rays. The presented gold nanoparticle study illustrates that the otherwise mediating nanoparticles 
do not enhance the radiotherapeutic effectiveness of monochromatic 20.0 keV x-rays. The 
implication is that the presented method is capable of elevating the acceptance and credibility of 
all subsequent synchrotron-based studies on living cells. Ideas for future research include the 
development of live-cell imaging applications at synchrotron beamlines. 
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Summary 
 
 
Gold nanoparticles are promising adjuvants for improving the effectiveness of ionizing radiation 
on living tissue. Synchrotron light facilities – with their unique capacity to generate intense, 
monochromatic and tunable x-ray beams – fulfil the experimental qualifications to investigate the 
role of the nanosized protagonists in radiation therapy. However, research projects at the interface 
of synchrotron science and cell biology are confronted with compromising irradiation conditions 
and questionable experimental procedures. Before this work introduces a new framework for the 
treatment of living cells with monochromatic keV x-rays at synchrotron beamlines, the 
synchrotron-based in vitro irradiation experiment is divided into consecutive experimental parts. 
For each part, the most common approaches as well as their strengths and weaknesses are 
evaluated in relation to the experimental conditions for cell cultures. If identified as problematic, 
the questionable part is either modified or completely redesigned to meet to the upmost standards.  
This work proposes a novel approach for synchrotron-based cell culture irradiation based on the 
use of a bent silicon wafer in Laue geometry as a monochromatizing device. Implemented at the 
bending magnet beamline BMIT-BM, the constructed irradiation system enables horizontal 
irradiations of standard culture dishes with purely monochromatic x-rays from about 10 keV to 30 
keV. In addition, the high intensity of the monochromatic x-ray beam allows to deliver large dose 
levels of up to 10 Gy within tolerated exposure times. Living cells maintained in common culture 
vessels can be taken from the laboratory incubator, exposed to x-rays through a horizontal 
scanning process, and returned to the incubator without disturbing and interrupting the cellular 
growth. In allowing the cells to continuously proliferate under optimal conditions, the genuine 
approach circumvents the limitations of previous in vitro irradiations at synchrotron beamlines. 
The horizontal set-up even opens up a pathway for promising bright-field, phase-contrast, or even 
fluorescence imaging applications at synchrotron beamlines. Combined live-cell imaging and 
rapid functional assessments could create novel opportunities to study radiation-induced events at 
synchrotron beamlines. 
Deviating culture conditions before and after the irradiation process can be the origin of cellular 
stress factors which then significantly alternate the cellular behavior. A portable incubator 
provides the required cell type-specific culture conditions for the sample transportation and 
storage outside the cell laboratory. By generating a culture environment identical to the 
environment available in the laboratory incubator, the portable device closes an important gap 
which is generally neglected in the literature. The universal transportation strategy is not limited 
to the use of culture dishes but embraces the use of flasks and tubes as culture vessel as well. 
To validate the applied experimental procedure and to assess the cellular response to therapeutic 
radiation, the conversion of the yellow MTT salt into formazan crystals by viable cells is 
preferred to the time-consuming and work-intensive colony formation as analytical method. The 
standard MTT protocol is modified to quantify the amount of formazan solubilized in the 
irradiation vessel. The direct dish read-out produced data sets with an accuracy and precision that 
is hardly achieved by the standard method. The linear relationship between the initial cell number 
and the measured absorbance over a broad cell number range offers many options for key 
parameters such as the initial number of seeded cells or the duration of the post-irradiation 
proliferation. The developed measurement process makes otherwise necessary cell transfers 
obsolete and is not restricted to the use of culture dishes. As shown, toxicological assessments 
generally benefit from an increased level of quality for the collected data sets. In contrast to 
clonogenic assessments, the rapid analytical method generates meaningful irradiation results after 
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only three MCF-7 doubling times. The measured 11.9 keV dose-response curve can be 
phenomenologically described by a first order exponential decay indicating that the cellular 
damage induced by 11.9 keV x-rays is comparable to the lethal effects caused by high linear 
energy transfer (LET) particles. Despite the appearance of critical experimental inconveniences, 
the 20.0 keV dose-response curve reconfirms the general observations made at 11.9 keV. 
The established experimental protocol – characterized by horizontal sample irradiations, a sample 
transportation strategy, and a direct sample read-out process – guarantees the uninterrupted and 
undisturbed proliferation of cells under their cell type-specific culture conditions throughout the 
entire experiment from the sample preparation to the final assessment. Putting all pieces together, 
the presented irradiation procedure is defined by a minimized set of highly controllable 
experimental parameters with the ionizing radiation being the only cellular stressor. By 
successfully circumventing the limitations at the interface of synchrotron science and cell biology, 
the irradiation procedure avoids the production of misleading irradiation results and the 
successive generation of false conclusions.  
In the final chapter of this dissertation, the role of gold nanoparticles is evaluated at the peak 
photon attenuation coefficient ratio of gold and soft tissue (20.0 keV). The prepared gold 
nanoparticles with an average diameter of about 11.6 nm were functionalized with thio-glucose. 
According to mass spectroscopy measurements, the concentration of nanoparticles in the available 
colloid solution was comparable to the concentrations applied in previously conducted 
enhancement studies. Transmission electron microscopy provided valuable information about the 
intracellular distribution of the nanoparticles at the time of the treatment. As successfully 
illustrated, MCF-7 cells internalize glucose-capped nanoparticles via an endocytic pathway. The 
nanoparticles are mainly internalized within cytoplasmic vesicles where they frequently assemble 
in form of clusters. The toxicological study confirmed the predicted nanoparticle biocompatibility 
for the MCF-7 cell line. Despite their biological inert character, internalized gold nanoparticles 
affect the cellular behavior tremendously. The cellular response to deviating cell culture 
conditions (i.e. standard laboratory conditions) is significantly mediated. The final in vitro study 
reveals that the internalized gold nanoparticles do not enhance the radiotherapeutic effectiveness 
of 20.0 keV x-rays. The observed lack of enhancement at the anchor point for the x-ray energy is 
in direct conflict with the encouraging results documented in the existing scientific literature. 
These circumstances raise questions about the appropriateness of the methods applied in the 
recently conducted studies. The new perspective on the role of gold nanoparticles, including the 
nanoparticle-mediated cellular response to deviating culture environments, hopefully helps tp 
strengthen the awareness of cellular integrity as a key parameter in irradiation studies. Studies that 
do not sufficiently care for the biological cells have a high chance of suffering from misleading 
results and false conclusions about the role of gold nanoparticles in vitro. 
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1. Introduction 
The discovery of x-rays by W.C. Röntgen in 1895 marks the beginning of a cancer treatment 
modality taking advantage of ionizing radiation to create damaging effects in soft tissue. In the 
last decade, the rise of nanotechnology has opened up new pathways to improve the effectiveness 
of radiation therapy. Because of their versatility and highly biocompatible character, gold 
nanoparticles are one of the most promising adjuvants in this growing research area. In the last 
years, several reviews have been published discussing the role of gold nanoparticles as 
radiotherapeutic enhancement agents in vivo and in vitro (Jain et al. 2012; Dorsey et al. 2013; 
Jeremic et al. 2013; Ngwa et al. 2014). The increased attenuation of keV x-rays in gold compared 
to soft tissue is accompanied by the emission of secondary radiation leading to the deposition of 
additional energy in the direct vicinity of the internalized agents. However, increasing the local 
dose as a fundamental principle has been questioned by several publications that reported positive 
outcomes for therapeutic modalities using MeV photons, protons, or electrons as the primary 
ionizing element. The underlying mechanisms responsible for the increased radiotherapeutic 
effectives by gold nanoparticles remain vague at best, thus a comprehensive and systematic 
approach seems imperative to develop the necessary knowledge for promoting this technology 
into clinical applications. 
The principles of radiobiology are based on the concept that the living cell is the fundamental 
biological unit for all living organisms. Living cells can be used as primary irradiation targets to 
investigate early radiation-induced physical effects and the following avalanche of chemical, bio-
chemical, and biological events. While radiobiological studies on human cells have been 
conducted since the establishment of the HeLa cell line, profoundly systematic in vitro irradiation 
studies could not be initiated before the appearance of third generation synchrotron facilities and 
the development of sophisticated instrumentation technology. Today, synchrotron beamlines are 
capable of generating intense photon beams with monochromatic energies that cover the 
innermost electron shells of heavy elements (e.g. gold K-shell: 80.7 keV, gold L3-shell: 11.9 keV) 
and physical features such as the peak attenuation coefficient ratio of gold and soft tissue (at 20.0 
keV). For this reason, synchrotron facilities are the most valuable x-ray sources to evaluate any 
potential nanoparticle-induced effects in radiation therapy. 
Despite their unique capacity to generate intense and tunable x-ray beams, cell biologists are 
hampered from undertaking meaningful radiobiological research at synchrotron beamlines. To 
avoid unwanted or artefactual consequences ranging from aberrant cell phenotypes to a complete 
failure of the cell culture, it is of paramount importance to strictly obey the guiding principles for 
cell culturing throughout irradiation experiments. The most frequently applied strategy for the 
treatment of living cells with monochromatic keV x-rays is constructed on the experimental 
conditions that synchrotron beams traverses along the horizontal direction. For the irradiation 
process, adherent cells are maintained in dishes or flasks filled to capacity with culture medium, 
even though it is generally known that deviated culture conditions such as different culture media 
volumes can influence cellular behavior. The vessels are aligned perpendicular to the incident x-
ray beam with the targeted cells attached to the bottom of the irradiation vessel. During exposure, 
the tilted cells are then moved vertically while facing the monochromatic x-ray beam. The same 
scanning procedure is applied for cell suspensions in tubes or capillaries. These x-ray treatments 
are consequently accompanied not only by compromising culture conditions during the irradiation 
processes, but also by potentially perturbing experimental procedures consisting of numerous 
protocol steps. From the sample preparation until the final analysis, each step inevitably adds 
more parameters to an already large number of variables that must be controlled throughout the 
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course of the experiment. Depending on the experience and care of the researcher, some of these 
parameters can be easily overlooked or even falsely disregarded with consequences on the 
reliability of the conducted study. Every undefined or neglected parameter may be directly related 
to a cellular stress factor that can induce alternative cellular behaviors. To avoid any unreliability, 
methodically accurate synchrotron-based irradiation procedures must provide cell culture 
conditions as close as possible to the conditions present in the laboratory incubator and aim to 
reduce the number of experimental parameters to an absolute minimum. Minimizing the number 
of experimental parameters increases the chance that all variables are well identified and properly 
controlled throughout the study. Results obtained under these sample-oriented conditions reflect 
the true cellular response to the treatment with monochromatic x-rays. Once established, 
thoroughly-conducted synchrotron-based in vitro studies can be awarded with an overly high 
acceptance because misinterpretations of the recorded irradiation data sets and false conclusions 
about studies’ outcomes are omitted to the greatest extent. 
Every irradiation procedure can be broadly divided into three parts. The first part includes the 
maintenance of the cell stock, the preparation of the cell populations, and the internalization of the 
potential enhancement agents. The middle part discusses the exposure of the targeted tissue to the 
therapeutic radiation. The last part covers the post-irradiation treatment, which consists of a pre-
defined post-irradiation proliferation phase and the final assessment. Colony forming assays have 
yielded novel insights into the radiobiological effectiveness of different treatment modalities on a 
variety of cancerous and non-cancerous cells. The so-called “gold standard” in radiation therapy 
has been applied to obtain information about variances in radiation sensitivity and lethal or sub-
lethal damage repair processes; however, this method can only be applied to cell samples capable 
of forming countable colonies. Analytical methods based on the cellular reduction of tetrazolium 
salt MTT (3-(4,5-dimethylthiazol-2)-2,5-diphenyltetrazolium bromide) into soluble formazan 
produce highly objective results comparable to the results gained by clonogenic assays (Chapter 
3). Once the specific parameter ranges for a given cell line are established, meaningful irradiation 
data sets can be obtained in less time and with less effort. In this dissertation, a modified protocol 
for the quantification of formazan directly solubilized in the irradiation vessel is described. The 
direct read-out not only produces highly accurate and precise assessment results, but also eases 
the sample handling at the end of the irradiation procedure considerably. 
The irradiation of living cells maintained in standard culture dishes is the most important step to 
circumvent the existing limitations at the interface between synchrotron science and cell biology. 
However, a different approach for the irradiation of living cells is required to overcome the 
obstacles of vertical scans. By using a single bent silicon wafer in Laue geometry as a 
monochromatizing element, it is possible to design a set-up for horizontal sample irradiations 
under optimal cell line-specific conditions. The design, calibration and operation of the irradiation 
system, implemented at the BioMedical Imaging and Therapy bending magnet beamline BMIT-
BM, is described in full detail in Chapter 4. At the end of the chapter, the suitability of the 
irradiation system is demonstrated by the first dose-response curve for the breast cancer cell line 
MCF-7 at a photon energy of 11.9 keV. This accomplishment allows beamline users to develop 
non-perturbing irradiation procedures with minimal experimental parameters. 
A sophisticated experimental procedure is then applied to evaluate the role of gold nanoparticles 
on the cell line MCF-7 at 20.0 keV (Chapter 5). Transmission electron microscopy visualizes the 
intracellular distribution of the functionalized gold nanoparticles at the point of irradiation. 
Toxicological assessments and further preliminary tests yield important information about the 
influence of gold nanoparticles on cellular behavior under selected environmental culture 
conditions. As demonstrated, the otherwise biocompatible nanoparticles mediate the cellular 
response to deviating culture conditions with devastating consequences to the meaningfulness of 
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the established irradiation results. To avoid these pitfalls, an elaborate sample transportation and 
storage strategy must be implemented. After joining all experimental parts together, the final 
assessments reveal that gold nanoparticles do not enhance the radiotherapeutic effectiveness of 
monochromatic 20.0 keV x-rays for the breast cancer cell line MCF-7. The implications of these 
apparently conflicting results on the currently active research field are briefly discussed. 
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2. Motivation 
Cancer is a class of diseases characterized by an uncontrolled growth of genetically modified cells 
within a patient’s body. The deregulated spread of cancerous cells harms the otherwise healthy 
body when tumors perturb normal physiological functions such as in the digestive, nervous, or 
circulatory systems. In developed countries, heart disease has been the leading cause of death, 
with cancer the second-most leading cause. In 2012, about 220,000 patients died due to cancer-
related causes in Germany and about 480,000 new cancer cases were expected to be diagnosed 
(Kaatsch et al. 2015). Besides the personal burden for the individual patients (about 51% of men 
and 43% of woman in Germany develop cancer at one point over their lifespan), the disease is one 
of the largest burdens in the healthcare system due to costs for prevention, diagnosis, treatment, 
recovery, and palliative medical care. Because the risk of being diagnosed with cancer rises with 
age, aging populations are expected to face increasing social, medical, and financial stress levels. 
In Germany, the number of new annual cancer cases is expected to increase by a factor of 20% 
from 2010 to 2030 (Kaatsch et al. 2015). 
Cancer is a complex disease associated with a high level of heterogeneity on the molecular and 
cellular levels. The development and progression of cancer is a multi-step process during which 
cells undergo substantial metabolic and behavioral changes. The origin of cancer is directly 
related to mutations in the deoxyribonucleic acid (DNA) sequence. To develop into cancerous 
tissue, normal cells must acquire genetic changes that lead to the promotion of abnormal cell 
proliferation (activation of “oncogenes”) or the suppression of proliferation when needed, though 
it is possible that both options to be present. Genetically modified cells start to form clones 
capable of escaping the surveillance of the body’s own immune system. The tolerated clones 
continue to proliferate and, during this process, may accumulate more dysfunctional genes and 
altered cellular modifications. Because of these continuously ongoing changes, cancer is best 
described as a progressive disease. When undetected at an early stage, progressing cancer cells are 
likely to interfere with neighboring healthy tissue and may even create supporting blood vessels 
(“angiogenesis”). Cancer can spread (“metastasize”) and disseminate even to remote organs. 
Successful therapies inhibit tumor growth or even eradicate cancerous tissue from a patient who 
might benefit from increased quality of life, prolonged survival, and potentially a complete cure. 
Disseminated cancers are difficult to treat and generally require a systematic drug-based 
approach, such as chemotherapy. Chemotherapy involves a single cytotoxic drug or a mixture of 
cytotoxic substances being given to the patient to promote cancerous cell death and inhibit cancer 
proliferation and spread. Most patients receive combined treatments such as chemotherapy and 
surgery, surgery and hormone therapy, or chemotherapy and radiation therapy. Surgery can be 
useful for the treatment of precancerous lesions, while more radical strategies remove entire 
organs affected by cancerous cells or tissue that has an elevated risk of developing cancer. 
Surgery is often the first step to properly diagnose the type of cancer and which stage it has 
reached. Another essential modality of cancer treatment that cannot be effectively replaced by 
chemotherapy or surgery is radiation therapy. Since the detection of x-rays, radiation therapy has 
been developing as an essential clinical modality against local tumors. In the last decades, 
radiotherapeutic applications have seen tremendous technological advances (e.g. imaging-guided 
radiotherapy, radiosurgery). Nowadays, more than 50% of all patients who develop cancer are 
treated with radiation at some time during their illness (Delaney et al. 2005). Although it is one of 
the least expensive cancer treatments per patient, radiation therapy is highly effective in terms of a 
patient’s cure and overall survival (Van De Werf et al. 2012). Radical high-dose radiation is a sole 
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treatment, whereas moderate radiation can be used as an adjunct to surgery for early-stage tumors. 
Palliative radiation therapy, which is offered to patients suffering from advanced-stage cancer, is 
intended to reduce symptoms and to improve the patients’ quality of life. The optimal radiation 
therapy utilization rate depends on the type of cancer and varies from a low rate of 0% for liver 
cancer, 60% for prostate cancer, 83% for breast cancer, and the highest rate of 92% for patients 
with central nervous system tumors (Delaney et al. 2005). 
 
 
2.1. Radiation Therapy 
At the juncture of physics and biology, radiation therapy is the clinical modality that takes 
advantage of ionizing radiation to generate electrically charged particles in soft tissue. The 
primary aim of radiotherapeutic applications is to deposit large amounts of radiation energy into 
the targeted tumor volume. The transferred energy initiates inundations of chemical, bio-
chemical, and biological events which lead to sub-lethal or lethal effects within the irradiated 
tissue. The most common form of radiation therapy is external beam radiation, in which external 
sources generate the therapeutic radiation that is directed from outside the patient’s body into the 
cancerous tissue. 
External radiation can be categorized into photon, electron, and hadron radiation. Hadron therapy 
includes radiotherapeutic applications with particles consisting of quarks such as protons, neutron, 
or heavy ions. Charged heavy particle beams continuously transfer energy while traversing the 
targeted tissue. The deposited dose slightly increases as penetration depth increases up to the 
“Bragg peak,” which occurs close to the end of the particle’s range (Tanner et al. 1967). Because 
of the favorable dose profile, charged particle beams deposit most of their energy over a narrow 
range while the surrounding tissue receives very little of the radiation dose. The higher dose 
conformity results in less irradiation of normal tissue. 
Electrons, with their short range in soft tissue, are often applied in intraoperative radiation therapy 
(Gieschen et al. 2001) or to treat skin cancer. However, the most common form of external 
radiation therapy uses photon radiation in form of x-rays and γ-rays. High-energy photon beams 
are commonly generated by x-ray tubes, at linear accelerators, or by radioactive isotopes such as 
cesium-137 or cobalt-60. The interaction processes of photons with matter via photoelectric 
absorption, Rayleigh scattering, Compton scattering, and pair production is extensively described 
in the existing literature (see for example Krane 1988). For photon energies in the keV region, the 
dose profile of a traversing photon beam is similar to the exponentially decaying intensity with 
penetration length. At higher energies, the deposited dose starts to increase with the penetration 
thickness until it peaks (“skin effect”), followed by a decaying pattern similar to the pattern for 
lower energies. 
The response of living cells to ionizing radiation depends strongly on the cellular physiology and 
is generally described in the form of radiosensitivity for a given therapeutic modality. While 
radiosensitive cancer cells are completely eradicated by modest dose levels, some types of cancers 
notably exhibit a behavior which can be described as radioresistant. Additionally, the localization 
of the targeted tumor plays a significant role in the success of radiation treatments; glioma – one 
of the most frequent brain tumors – is still incurable because the radiation-induced damage to the 
surrounding healthy brain tissue limits the amount of radiation dose that can be delivered to the 
targeted volume (Biston et al. 2004). Although the majority of cancer cells are moderately 
radiosensitive, a deposition of large amounts of radiation energy is generally required to achieve 
clinically acceptable therapeutic outcomes. 
2.1. Radiation Therapy 
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The treatment of cancerous tissue with ionizing radiation is accompanied by strong side effects. 
Early side effects (e.g. skin effects, mucositis, nausea, etc.) become manifest within a few days or 
weeks after the initial treatment and are often transient. On the other hand, late effects (e.g. 
fibrosis, atrophy, vascular and neural damage, etc.) are expressed after latent periods of months to 
years, tend to be irreversible, and, in the worst case, may even progress. For example, long-term 
survivors of radiation-based treatments exhibit an increased risk for the development of second 
malignant tumors (Friedman et al. 2010). The radiosensitivity of the surrounding healthy tissue 
limits the use of ionizing radiation in cancer treatment. The key to improve the therapeutic 
effectiveness is to increase the relative susceptibility of cancerous tissue to ionizing radiation. 
 
 
2.2. Radiotherapeutic Enhancement by Gold Nanoparticles  
Because of their versatility and biocompatibility, gold nanoparticles represent one of the most 
promising adjuvant for radiotherapeutic applications. As slight deviations in size, shape, and 
surface properties can alternate the interactions at the nano-bio interface, the possibilities to tailor 
any nanoparticle-induced effects seem endless, as demonstrated by the growing number of gold 
nanoparticle studies in existing scientific literature. Gold nanoparticles in particular appear to be 
highly compatible in biological systems ranging from a patient’s body to a single cell. Due to the 
existing strong ligand-gold bonding, gold nanoparticles can be functionalized by conjugation to 
various biological substances (e.g. anti-bodies, peptides, glucose, etc.). The functionalized hybrid 
materials feature a metallic core surrounded by electrically neutral or charged molecules with the 
outer layer as fundamentally important to the interaction with the direct environment (Arvizo et 
al. 2010). The delivery of gold nanoparticles to cancerous tissue can be achieved by the direct 
targeting of tumor-specific biomarkers or by passive accumulation. The distribution of gold 
nanoparticles in living systems depends on characteristic nanoparticle properties including the 
particle’s diameter and surface properties (De Jong et al. 2008). 
The physical rationale claims that gold nanoparticles internalized into the cancerous tissue 
increase the local dose, leading to an elevated number of lethal effects during radiation therapy. 
Therapeutic photons deposit their energy into soft tissue via photoelectric absorption and 
Compton scattering. Compton scattering is the process whereby a photon interacts with a weakly 
bound electron in the irradiated material. Part of the photon energy is transferred to the electron 
which is released from the atom carrying a kinetic energy equal to the difference of the energy 
lost by the photon and the electron binding energy. The probability for the occurrence of Compton 
processes depends on the electron density in the irradiated target, which is almost constant for all 
materials. In contrast, the cross section of the competing photoelectric absorption scales with the 
atomic number (Z) as roughly Z3-4. Although the cross section decreases steeply with increasing 
photon energy (approximately as E−3 with E being the photon energy), photoelectric absorption 
remains the most dominant interaction process in gold for photons with energies below 520 keV, 
according to the NIST Photon Cross Section Database (Hubbell & Seltzer 2009). On the other 
hand, Compton scattering becomes the most dominant photon interaction process in living tissue 
at around 30 keV. Figure 2.1 illustrates the difference between the total mass attenuation 
coefficients of gold and soft tissue. The attenuation coefficient of a given element peaks when the 
photon energy is equal to the electron binding energy, as shown for the innermost electron shells 
of gold (Au K-shell at 80.7 keV, Au L-shells between 11.9 and 14.4 keV). The attenuation 
coefficient ratio of gold and soft tissue peaks at around 20 keV, which is therefore an anchor point 
in energy-systematic enhancement studies. With Compton scattering as the dominant interaction 
at much higher photon energies, there is hardly any difference between the absorption coefficient 
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of heavy elements and soft tissue above 1 MeV. From a physical perspective, therapeutic photons 
with energies in the MeV region mostly interact via Compton scattering, leaving the internalized 
gold nanoparticles mostly indistinguishable from the surrounding cancerous tissue in terms of the 
early photon interaction process. 
 
 
 
Figure 2.1 Total mass attenuation coefficient of gold (black line) and soft tissue (grey line) for photon 
energies from 1 keV to 1 MeV. The gold K-edge is seen as a broad peak at 80.7 keV. The gold L-edges 
appear between 11.9 and 14.4 keV. The coefficient ratio of gold and soft tissue (dashed line) peaks around 
20 keV. The photon energy region covered by the sibling beamlines BMIT-BM and BMIT-ID ranges from 
about 10 to 100 keV (depicted by the dashed vertical lines). 
 
While only part of the photon energy is transferred to the targeted tissue in Compton scattering 
processes, photons interacting via the photoelectric effect are completely absorbed. The 
instantaneously liberated photoelectric electron carries a kinetic energy equal to the initial photon 
energy minus the electron binding energy. Accordingly, the photoelectron range in soft tissue 
depends on these two variables and can exceed several cell diameters for energies around 100 
keV. The following atomic relaxation occurs rapidly through radiative and non-radiative 
processes. While radiative processes are associated with the emission of keV fluorescence 
photons, non-radiative processes result in the emission of low keV Auger electrons. Fluorescence 
photons are capable of travelling long distances in soft tissue (up to a few centimeters) and, as a 
consequence, may not essentially contribute to additional radiation-induced damage in the 
targeted volume (Hainfeld et al. 2008). Conversely, low-energy Auger electrons have shorter 
ranges of typically a few nanometers in soft tissue and thus deposit their entire energy in the 
direct vicinity of the interacting gold nanoparticle (Howell 2008). According to the physical 
rationale, the generation of Auger cascades as a direct consequence of the additional photoelectric 
interaction within the targeted tissue is the underlying mechanism responsible for the enhanced 
effectiveness of photon therapy by gold nanoparticles. 
For the K-shell and L3-subshell, Auger (and Coster-Kronig) processes are the only non-radiative 
processes competing with the emission of characteristic x-rays. The probability of a vacancy in 
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the electron shell being filled by a radiative process is represented by the fluorescence yield. 
Figure 2.2 illustrates the fluorescence yield for the K-shell and L-shells of the chemical elements 
for 3 ≤	Z ≤	110. The curve for the L-shells represents the average yield of the L1-, L2-, and L3-
subshells (Thompson et al. 2009). The fluorescence yield generally increases as the atomic 
number increases. Radiative processes are more likely to be generated at electron vacancies in the 
K-shell while non-radiative processes are more probably for L-shell vacancies. For gold, the 
fluorescence yield of the K-shell is about 96%, meaning that gold atoms with vacancies in this 
shell almost exclusively relax via radiative processes. On the other hand, the average fluorescence 
yield for the Au L-shells is less than 30%, resulting in a high probability for Auger electrons 
being emitted from the gold atom (Krause 1979). According to these fluorescence yields, 
therapeutic photons with energies above the gold K-shell are more likely to initiate radiative 
processes, while photons with energies below the gold K-shell initiate mainly Auger processes. 
 
 
 
Figure 2.2 Fluorescence yields for K and L shells for 3	≤ Z ≤	110. The plotted curve for the L shells 
represents the average effective yields. Reprinted from (Thompson et al. 2009). 
 
Heavy elements such as iodine (Z = 53) or platinum (Z = 78) have been evaluated as potential 
enhancement agents in monochromatic photon activation therapy. Substances such as 5-Iodo-2′-
deoxyuridine (“IUdR”) or cis-diamminedichloridoplatinum(II) (“cisplatin”) are considered 
effective Auger electron emitters in vivo and in vitro (Adam et al. 2003; Biston et al. 2004). In 
these photon activation studies, the applied photon energy was set just below and above the 
element-specific K-shell. However, the composition of the emitted secondary radiation and their 
contribution to the radiation damage in cell cultures appears to be understudied. Radiobiological 
research was developed around the concept that the living cell is the fundamental biological unit. 
For this reason, human cell lines – well-characterized representatives of the biological tissue – 
have been successfully employed as instrumentational tools in radiation studies since G. Gey 
established the HeLa cell line in the early 1950s (Gey et al. 1952). To maintain the integrity of the 
cells and to prevent the expression of phenotypes, adherent cells are sub-cultured before they 
reach a confluence level of 100% (Fig. 2.3). In most irradiation studies, adherent cells are usually 
arranged in a single monolayer with confluence levels much lower than 100% which means that 
the cell-to-cell distance exceeds the typical cell diameter. Due to their long range in soft tissue, 
fluorescence photons emitted from internalized gold nanoparticles are likely to escape from this 
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cell arrangement without interacting with either the nanoparticle-hosting or any neighboring cells. 
If the proposed emission of Auger electrons is the primary enhancement mechanism, cell culture 
studies using photon energies above 80.7 keV might not be able to observe any additional effects 
induced by gold nanoparticles. In these experiments, low-energy photoelectrons would be the 
only dominant type of secondary radiation contributing to an increased local dose. Due to the 
significantly smaller average fluorescence yield of the Au L-shell (less than 30%), any 
nanoparticle-induced effects based on the generation of Auger electrons are presumably 
detectable in vitro using photon energies below the Au K-shell. 
 
 
 
Figure 2.3 Photomicrograph of MCF-7 cells grown to almost 100% confluency. 
 
The proposed physical concept for the enhancement by gold nanoparticles is questioned by 
several papers reporting improved therapeutic outputs both in vivo and in vitro for alternated 
treatment modalities (e.g. MeV photons, electrons, protons). The authors claim that the 
enhancement mechanisms are dominated by a strong bio-chemical or even biological component, 
such as sensitization to the redox active compound bleomycin (Jain et al. 2011), the generation of 
reactive oxygen species by the sole presence of gold nanoparticles (Butterworth et al. 2010; Geng 
et al. 2011), or cell cycle arrests in the radiosensitive G2/M phase (Roa et al. 2009). It is 
conceivable that any radiotherapeutic enhancement by gold nanoparticles is a combination of 
physically-induced and biologically-driven mechanisms. 
Photon beams with energies below the Au K-shell are unusable for clinical treatments because of 
their short penetration length in soft tissue, but fundamental in vitro studies on living cells could 
gain the necessary understanding to tailor the nanoparticle properties for the utmost therapeutic 
improvements. The capacity to generate monochromatic and tunable x-ray beams with high 
intensity makes synchrotron light facilities the ideal x-ray source for systematic radiobiological 
studies. For example, the sibling beamlines BMIT-BM and BMIT-ID (see Chapter 4) generate 
intense photon beams that can be further monochromatized for systematic studies. The available 
energy region from less than 10 keV to about 100 keV covers crucial features such as the Au K-
edge and the Au L-edges as well as the peak photon attenuation coefficient ratio of gold and soft 
tissue (Fig. 2.1). 
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3. Interaction of Ionizing Radiation with Soft Tissue 
Direct interactions of radiation with living tissue ionize DNA molecules resulting in base 
modifications or single and double strand breaks (SSBs and DSBs). Unpaired or misrepaired 
DSBs, characterized by radiation-induced breaks in the two strands opposite each other or 
separated by only a few base pairs, are evidently the most severe threat to the cellular survival 
after irradiation (Willers et al. 2004). In contrast to the ionization of DNA molecules, therapeutic 
radiation can also interact with molecular constituents in the exposed tissue. Indirect interactions 
of radiation are associated with the liberation of ionizing particles or molecules which contribute 
essentially to the generation of lethal effects. Free oxygen-based radicals, such as chemically 
highly reactive oxygen species (ROS), are defined by their unpaired valence electron. Free 
radicals are able to diffuse long distances within soft tissue and to interact with sensitive cellular 
components of vital importance or even cellular DNA (Riley 1994). With water being the main 
element in biological cells, most of the deposited radiation energy presumably causes excessive 
production of free radicals. Studies have shown that adding high concentrations of scavengers for 
the hydroxyl radical (·OH) to the culture medium can reduce the yield of radiation-induced 
damaging effects in vitro (Chapman et al. 1973). Figure 3.1 schematically illustrates the direct 
and indirect radiation pathways to generate DNA lesions. 
 
 
Figure 3.1 Schematic representation of direct and indirect radiation-induced DNA lesions. Reprinted from 
(Pouget & Mather 2001). 
 
A growing body of evidence indicates that important effects of ionizing radiation may be related 
to extranuclear events. It has been observed that cytoplasm or membrane irradiation produce 
genomic instability leading to major genetic alterations (Manti et al. 1997). Cytoplasmic 
irradiation and the subsequent production of ROS, in particular hydroxyl radicals, seem to play an 
important role in the generation of genomic mutations (Wu et al. 1999). Because of these effects, 
cytoplasmic irradiations may be more harmful to cells than nuclear irradiation (Iyer & Lehnert 
2000). Membrane degradation after irradiation is presumably the direct result of hydroxyl attacks 
on polyunsaturated fatty acid residues of phospholipids (Pouget & Mather 2001). 
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Effects of ionizing radiation may even occur in cells which have not been exposed to irradiation at 
all. These so-called bystander effects may be communicated by transmissible factors or even by 
direct cell-to-cell communications (Prise 1998). The response of non-irradiated cells apparently 
covers a broad spectrum precluding predictive extrapolations from the benign or even detrimental 
effects. 
The exposure to ionizing radiation activates cascades of cellular signaling pathways to promote 
the genomic integrity and to initiate cellular survival mechanisms. Triggered genes manipulate 
basic cellular functions such as cell cycle regulation and sometimes even coordinate apoptotic 
actions. A comprehensive review of the cellular pathways in response to ionizing radiation has 
been recently published (Maier et al. 2016). 
 
 
3.1. Assessment of Cellular Response to Ionizing Radiation 
Irradiated cells are considered dead once they have lost their ability to divide and produce a large 
number of progeny. A treated cell which did not undergo reproductive death has retained the 
capacity to proliferate indefinitely and can produce large groups of cells (colonies). These cells 
are referred to “clonogenic.” Colony forming assessments (also called “clonogenic assays”) 
investigate the ability of singly planted cells to grow into colonies which can be counted after a 
certain post-irradiation growth phase (Puck & Marcus 1956). Colony formation has yielded 
information about variances in radiation sensitivity and lethal or sub-lethal damage repair among 
different cell lines and are considered the method of choice to quantify the survival of cells 
(Franken et al. 2006). Besides, colony formation can provide novel insights into the effectiveness 
of different radiotherapeutic treatment modalities (e.g. dose fractionation). 
Dose-response curves visualize the loss of reproductive integrity as a function of the delivered 
radiation dose for a specific treatment modality. These survival curves can be grouped into two 
types, “linear” or “curved,” and are quantitatively described by the linear-quadratic (LQ) model 
(Barendsen 1982). The LQ-formalism has a mechanistic basis and implies that reproductive death 
occurs as a consequence of lethal lesions produced by either a single or several independent 
radiation events. According to the LQ-formalism, the probability of the cells to remain their 
capacity to proliferate as a function of the absorbed dose D can be described by the survival 
fraction: 
SF = S1(D) × Sn(D2) = exp(−αD) × exp(−βD2) 
 
The linear component S1 describes single-event killing (i.e. lethal lesions from a single radiation 
track) and the quadratic component Sn pronounces multi-event killing (i.e. lethal lesions from two 
or more radiation tracks). The coefficients α and β depend on several factors (e.g. cell line, 
treatment modalities, etc.). High linear energy transfer (LET) particles create dense tracks of 
ionizations and excitations in the targeted volume. Such a single track can effortlessly be 
responsible for several lethal lesions which are described by the linear component. Logarithmic 
cell survival curves after irradiation with high-LET particles expectedly follow a straight line 
(Barendsen 1982). On the other hand, low-LET particles are expected to create lethal DSBs from 
several individual events rather than one single event. Survival curves for low-LET particle 
irradiation have a dominant quadratic component. 
The LQ-formalism is both experimentally and theoretically validated for single-fractionated dose 
levels up to 10 Gy (Brenner 2008), so colony formation is respected as the “gold standard” among 
all in vitro techniques for quantifying the cellular response to ionizing radiation. However, several 
biological factors may influence the described dose-response relationship. For example, variations 
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in the in vitro radiosensitivity by varying cell cycle stages may affect cellular survival. The impact 
of Bystander effects on the growth of cell colonies remains unclear and requires further 
investigation. 
Despite the obvious advantages of clonogenic assessments, the formation of countable colonies 
usually takes several weeks, depending on the doubling time of the tested cell line. Manual cell 
counting requires extensive amounts of experimental time and work, while computer-aided 
counting by digital image processing algorithms often fail to distinguish between single and 
merged colonies. For these reasons, time-consuming and work-intensive clonogenic assessments 
might not be the preferred method for establishing new in vitro procedures. Preliminary tests must 
confirm that the phenotypic integrity remains consistent throughout all experimental steps. None 
of the applied protocol steps are allowed to alternate cellular functions that might interfere with 
the cellular response to ionizing irradiation. As the number of required preliminary tests directly 
relates to the total number of protocols steps, rapid analytical methods that can generate results 
within days rather than weeks are the preferred choice to verify a proposed procedure. 
Today, viability assessments are commonly used in toxicological in vitro studies. Although the 
term “cellular viability” lacks a strict definition, viability assays seek either to quantify the ratio of 
living cells in a given cell population or to measure the number of living cells in a sample. Viable 
cells can convert dyes (e.g. Alamar Blue) or salts (e.g. MTS, WST-1, XTT) into products whose 
total amount can be immediately quantified. Most viability assessments rely on the conversion of 
the yellow MTT salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) into a 
formazan-based purple dye (Fig. 3.2). At room temperature, solubilized formazan is stable for a 
few hours and can be quantified spectrophotometrically. The workload on the sample, especially 
at the final stage of the assay, is moderate and does not require extensive amounts of time. In 
contrast to clonogenic assessments, MTT studies generate results within a few days.  
Assessments based on the reduction of MTT have been successfully utilized in radiation studies. 
The colorimetric method generates reproducible and comparable results to clonogenic assays once 
optimal conditions for the cell line (i.e. optimal seeding cell number, assessment period) are 
adapted (Carmichael et al. 1987). The non-clonogenic assay offers a rapid and simple method for 
the assessment of radiation sensitivity in selected (adherent) cell lines, with the potential for use in 
the screening of compounds for radiosensitization and protection. Other authors state that 
surviving fractions obtained by MTT after 250 kVp x-rays irradiations with dose levels of 2 and 4 
Gy were in agreement when compared with clonogenic assays (Wasserman & Twentyman 1988). 
Other studies directly compared colony formation with MTT conversion and confirmed that MTT 
assays are able to provide reproducible measures of cell survival (Price & McMillan 1990). Both 
assays yield very similar curve progression and, over the short term, were linear (Buch et al. 
2012). The authors finally stated that data generated by the MTT assay presents an opportunity to 
obtain precise survival data for high sample throughput in less time and with less effort than with 
the conventional colony assay. 
The rapid MTT assessment is therefore the preferred method for the verification of numerous 
experimental steps in order to establish a proposed irradiation procedure. The employment of the 
same analytical technique in all preliminary tests and actual irradiation studies generates 
consistent and comparable data sets. Differences in the cellular viability can be directly related 
either to potentially perturbing culture conditions, stress-provoking protocol steps, or the actual 
exposure to ionizing radiation. 
Based on the motivation to develop a stress-minimized irradiation procedure, the colorimetric 
MTT assay was selected as an analytical technique in all preliminary tests and in the first gold 
nanoparticle enhancement study for monochromatic 20.0 keV X-rays. 
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Figure 3.2 Reduction of yellow MTT salt into a purple formazan product. Reprinted from (Kupcsik 2011). 
 
 
3.2. MTT-based Cellular Viability Assays 
In 1983, Mosman described a colorimetric MTT-based assay and its application for cellular 
growth and survival assessments (Mosmann 1983). Since then, this method has become one of the 
standard determinants in toxicological assessments due to its capacity to quantify viable cells in 
growing cell populations. 
It has been widely assumed that MTT (C18H16BrN5S) is reduced by mitochondrial succinate 
dehydrogenase (Slater et al. 1963). However, recent studies revealed that the conversion 
mechanism primarily takes place in the cytoplasm and, to a lesser extent, in the mitochondria or 
cell membrane (Berridge & Tan 1993). MTT is taken up by living cells through endocytosis, 
reduced to needle-like formazan crystals in endosomal or lysosomal compartments, and 
transported to the cell surface through exocytosis (Liu et al. 2002). 
Formazan crystals radiating from the cell membrane can be solubilized in alcohols (e.g. ethanol, 
isopropanol) or other organic solvents (e.g. isopropanol) to produce a homogeneous purple 
solution. Dimethyl sulfoxide (DMSO) was found to dissolve formazan very effectively (Jabbar et 
al. 1989). The total amount of solubilized formazan is subsequently quantified by absorbance 
measurements. The general UV-Vis spectrum of formazan contains a broad main peak around a 
photon wavelength of 580 nm (Denizot & Lang 1986). With the spectrophotometrically measured 
absorbance being proportional to the number of viable cells in the tested population, MTT 
assessments provide highly accurate and precise results over a wide cell number range. The 
relationship between the absorbance value and the cell number is linear until effects at the study’s 
end-point such as confluency, nutrient deficiency, increase of waste products, non-sufficient MTT 
concentrations, or over-extensive MTT exposure times inhibit the reduction of MTT salt into 
formazan. 
Standard MTT assays are performed on cell cultures maintained in 96-well plates with a 
recommended initial cell concentration of 5,000-10,000 cell/well maintained in 200 µL medium. 
The homogenously seeded cells are incubated overnight to attach firmly to the bottom substrate. 
After the treatment that introduces factors or varies culture conditions, the cells proliferate for a 
pre-defined incubation phase. At the study’s end-point, the present culture medium is removed 
from each well and replaced by 180 µL fresh medium. Then, 20 µL MTT solution is added to 
each well. The plate is incubated for a period of usually 2-5h during which time the MTT salt is 
reduced to formazan crystals. The exhausted MTT solution is carefully aspirated and the 
remaining crystals are dissolved in 200 µL DMSO. The plate is wrapped in aluminum foil, post-
incubated for 10 min, and gently swirled for another 10 min using a plate shaker. The absorbance 
signal AS (a.u.) can be spectrophotometrically measured at a wavelength of 540-600 nm with the 
background signal AC (a.u.) often collected at 690 nm. The background signal is subtracted from 
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the absorbance signal to obtain the sample’s absorbance value. For a tested population, the 
cellular viability CV rate in percentage can be calculated in accordance with the following 
equation: 
CV = ASample / AControl × 100  
 
Here, ASample is the absorbance of the tested cell population and AControl is the absorbance of the control 
group. 
The following section presents a modified MTT protocol with optimized assay parameters for 
viability assessments of cell populations maintained in commonly used culture dishes rather than 
well plates. After irradiation, cells are usually allowed to proliferate undisturbed for a pre-defined 
incubation phase. In this growth period, cells actively respond through repair or self-degradation 
processes that influence the final number of viable cells in the irradiated population. To detect any 
radiation-induced effects, a sufficiently long post-treatment incubation phase is required during 
which the cells must not suffer from growth-inhibiting factors such as confluency or nutrient 
deficiency. To avoid the presence of disturbing conditions, the suitable cell number range and the 
number of initially seeded cells are important factors that must be defined before applying any 
modified assessment. 
 
3.2.1. Modified MTT-Assay Protocol 
MTT assessments are versatile and remain intact under deliberately modified experimental 
conditions as long as the assay parameters (e.g. initial cell number, post-treatment incubation 
phase, MTT concentration) are properly adapted. This section presents a modified MTT protocol 
with optimized assay parameters for viability assessments of MCF-7 cell populations maintained 
in commonly used culture dishes. All biology-related parts were conducted at the University of 
Saskatchewan (UofS) Cell Signalling Laboratory (CSL).  
All assessments performed in this study relied on MTT purchased from Calbiochem (#475989). 
According to the manufacture’s instruction, the yellow salt was dissolved in sterile phosphate 
buffered saline (PBS) at 5 mg/mL, filtered through a 0.22 µm filter, and stored at −20°C. Before 
its use, the MTT solution was removed from the freezer and pre-warmed to 37°C. 
To assess the viability of cell populations growing in 35 mm culture dishes (e.g. Falcon 353001), 
the present culture medium was replaced by a mixture consisting of 1.8 mL culture medium and 
200 µL MTT stock solution. Akin to the standard protocol, the dish was immediately incubated 
for 3h to allow viable cells to convert the yellow MTT salt into purple formazan crystals. The 
exhausted mixture was carefully aspirated and the remaining formazan crystals were dissolved 
using 2 mL DMSO. The dishes were wrapped in aluminum foil, post-incubated for 10 min, and 
gently swirled for another 10 min. The spectrophotometer (SPECTRAmax® Plus) drawer is 
designed to hold well plates but not dishes or flasks. As each well marks a distinct reading 
position, a sample holder made of a 96-well plate not only fit into the drawer, but also provides 
the necessary information about the scan positions. For this reason, two holes with a diameter of 
35 mm had been reamed into the plate so that an inserted dish uniformly covered a matrix of 3×3 
wells. A 1 mm thick ledge at the plate bottom was left out to hold the culture dishes in 
horizontally levelled positions (Fig. 3.3A). For the actual readout procedure, the sample holder 
was mounted onto the reader’s microplate drawer and slid into the reading chamber (Fig. 3.3B). 
The spectrophotometer measured the absorbance (540 nm) and background (690 nm) signal at 
each of the nine distinct well positions. The background signals were subtracted from the 
absorbance signals. The absorbance of the assayed cell population was expressed as the calculated 
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arithmetic mean of the nine background-subtracted absorbance signals. The resulting cellular 
viability of the tested sample was calculated in accordance with the standard protocol. 
 
 
 
Figure 3.3 Readout procedure for the modified MTT assay protocol: (A) Two culture dishes are positioned 
in a modified 96-well plate. (B) The sample holder is loaded into the spectrophotometer. 
 
The distribution of the measured absorbance values for culture dishes with an initial MCF-7 cell 
concentration of either 10,000 or 80,000 cell/dish are shown in Figure 3.4. Both histograms 
summarize the collected absorbance values of four independently measured culture dishes. The 
histogram shape has a symmetric and unimodal pattern with a negligible fraction of outliners. In 
accordance with the Poisson characteristics for the discrete events, the error of each bin was 
estimated using the square root of the number of counts. 
Figure 3.4 Absorbance histograms for an initial cell concentration of either (A) 10,000 or (B) 80,000 
cell/dish. The histogram shapes are modelled using Gaussian distributions (solid lines). 
 
The shape of each histogram was approximated by fitting the following probability density 
function P(x) of the standard Gaussian distribution with mean µ (a.u.), standard deviation σ (a.u.), 
and amplitude coefficient d (#) to the measured distribution using Mathematica’s non-linear 
fitting algorithm: 
P(x) =  d
σ√2π  × exp −
x − µ2
2σ2  
 
The obtained Gaussian distribution is plotted on top of the associated histogram (Fig. 3.4). Table 
3.1 summarizes the fit results including the computed P-values which evaluate the probability that 
the specific parameter does not contribute to the model that describes the measured distribution. 
The relative standard error of about 10% for each parameter confirms the appropriateness of the 
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Gaussian curve to model the related absorbance distribution. Considering the value for the 
calculated mean absorbance (µ) and the related standard deviation (σ), the relative standard 
deviation for the modified readout procedure is about 10% for both initial cell numbers. In 
contrast, the relative standard deviation of standard MTT assessments is seldom smaller than 20% 
depending upon the number of independent measurements and the quality of the available 
samples.  
 
 
Table 3.1 Fit results for the absorbance of four independently measured dishes with initial cell 
concentrations of either 10,000 cell/dish (index: “10”) or 80,000 cell/dish (index: “80”). 
Parameter Estimate Standard Error P-Value 
d10 156 13 6.8 × 10−7   
µ10 49.6 0.5 3.5 × 10
−15
 
σ10 5.0 0.5 2.4 × 10−6 
d80 811 64 4.7 × 10−7 
µ80 309 3.0 2.0 × 10
−15
 
σ80 30.7 2.8 1.6 × 10−6 
 
 
Once the direct dish readout procedure had been confirmed, the linear relationship between the 
measured absorbance and the initial number of seeded cells was evaluated. The cellular viability 
as a function of the cell number was determined for initial MCF-7 cell concentrations from 2,500 
cell/dish to 160,000 cell/dish to identify a suitable cell number range. For each concentration, the 
absorbance is plotted in Figure 3.5A, with each data point representing the mean and standard 
deviation of the four independent measurements. The relative standard deviation of about 10% 
over the tested cell number range reconfirms the previous fit results. The conservation of the 
linear relationship at the upper end of the cell number range supports the hypothesis that the 
associated cell populations neither reached confluency nor suffered from insufficient nutrients. 
The applied volume of MTT solution used in the modified protocol was appropriate even for large 
cell numbers. Otherwise, a shortage of MTT salt inside the culture dish would have created a 
flattening curve shape with an increasing cell number up to a plateau-like stage. 
The measured relationship between the initial cell number and the measured absorbance was 
subsequently described by a linear progression model with slope a (a.u.) and intercept b (a.u.) 
using Mathematica’s linear fitting algorithm. Table 3.2 summarizes the fit results. The obtained 
progression line is plotted over the measured curve in Figure 3.5A and can be used as a 
calibration curve. The fit residuals (RES = AS,observed − AS,expected) are plotted together with the standard 
error of each data point (Fig. 3.5B). The pattern in the residual plot even reflects the applied 
dilution process at the beginning of the sample preparation. The primary MCF-7 cell stock 
solution with an initial concentration of 160,000 cell/mL was split in half. In the first dilution 
step, the first half of the solution was used to prepare a consecutive series of cell solutions with 
concentrations ranging from 160,000 cell/mL down to 100,000 cell/mL. The second half of the 
mother solution was used to prepare a consecutive series of MCF-7 samples with cell 
concentrations from 80,000 cell/mL down to 20,000 cell/mL. The decaying pattern of the 
residuals displays the dilution steps starting from the upper initial cell number of either 160,000 
cells or 80,000 cells down to 100,000 cells and 20,000 cells, respectively. The residuals support 
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the statement that the dish readout procedure generated highly accurate results with an error 
significantly smaller than the determined 10%. 
 
Figure 3.5 Linearity of the modified MTT assay. (A) The calibration curve describes the relationship 
between the measured absorbance and the initial cell number. (B) Residual plot and standard errors. 
 
 
Table 3.2 Fit results for the modified MTT assay. 
Parameter Estimate Standard Error P-Value 
a 3.61 0.05 1.2 × 10−12 
b 7.8 1.4 7.3 × 10−4 
 
 
The following second assessment evaluated the conservation of the linear relationship between 
the absorbance signal and the initial number of seeded cells after a proliferation phase of three 
MCF-7 doubling times (87h). In contrast to the previous assessment, the prepared MCF-7 cell 
populations with initial cell numbers ranging from 5,000 cell/dish to 30,000 cell/dish were 
allowed to proliferate undisturbed for three doubling times. At the study’s end-point, the cellular 
viability was quantified in accordance with the modified MTT protocol. 
The measured absorbance values and the obtained regression line are shown in Figure 3.6A, with 
each data point representing the mean and standard deviation of four independent measurements. 
Again, the relative standard deviation for each data point is about 10%. The fit results for the 
linear progression model support the assumption that the relationship between the cellular 
viability and the initial cell number can be described by a linear curve (Tab. 3.3). This time, the 
pattern in the residual plot appears random and does not reflect the sample preparation procedure 
(Fig. 3.6B). However, the homogenous distribution of residuals above and below the regression 
line confirms the suitability of the linear model to describe the relationship between the 
absorbance signal and the cell number. The small distances between the residuals and the 
regression line indicate the high accuracy for the absorbance measurements after a proliferation 
phase of 87h. The MCF-7 samples with an initial cell concentration of 30,000 cell/dish did not 
reach confluency within three doubling times. The cells suffered neither from nutrient depletion 
nor from the accumulation of toxic exhaust products in the culture medium. Overall, the self-
reproduction of MCF-7 cells maintained in 35 mm culture dishes was not inhibited for initial cell 
concentrations up to 30,000 cell/dish over the tested three MCF-7 doubling times. 
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Figure 3.6 Conservation of the assay linearity after three MCF-7 doubling times. (A) The calibration curve 
describes the relationship between the measured absorbance and the initial cell number. (B) Residual plot 
and standard errors. 
 
 
Table 3.3 Fit results for the modified MTT assay after a proliferation phase of 87h (end-point). 
Parameter Estimate Standard Error P-Value 
a 25.8 1.1 1.9 × 10−5 
b −19.2 9.1 1.0 × 10−1 
 
 
As successfully demonstrated, assessments of cell populations maintained in 35 mm cell culture 
generates highly accurate and precise viability results. The conservation of linear relationship 
over three doubling times enables the use of the modified MTT assay as a versatile analytical 
technique in irradiation experiments. Radiobiological studies using culture dishes as irradiation 
vessels can benefit from the undisturbed proliferation of MCF-7 samples with initial cell 
concentrations smaller than or equal to 30,000 cell/dish. Even after a significant post-irradiation 
period during which the cells may undergo active cell repair or degradation mechanisms, the 
irradiated cells do not suffer from an inhibited proliferation. In addition, the direct culture dish 
readout eliminated an otherwise stress-provoking and time-consuming cell transfer from the 
primary irradiation vessel to a well plate. Possible artefacts in the recorded data are omitted. 
From this point, every study presented in this dissertation used the tested 35 mm culture dishes as 
culture vessels with an initial MCF-7 cell concentration of 10,000 cell/dish. All samples were 
prepared 24h before the treatment to allow the cells to properly attach to the dish bottom. 
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4. Treatment of Living Cells with Monochromatic keV 
X-rays 
 
Synchrotron facilities generate intense photon beams to carry out basic and applied research for a 
wide range of disciplines. Invented at the National Synchrotron Light Source of Brookhaven 
National Laboratory, microbeam radiation therapy (MRT) is currently being developed as a form 
of preclinical radiotherapy (Slatkin et al. 1992). At the European Synchrotron Radiation Facility 
(ESRF), further steps have been taken towards clinical applications of synchrotron light to treat 
brain tumors (Smilowitz et al. 2006). In addition to iodinated contrast agents (Corde et al. 2004), 
the role of potential photonactivation agents containing high-Z elements such as platinum (Biston 
et al. 2004) or gold (Bobyk et al. 2013) are evaluated in early preclinical studies. However, a 
parallel approach of technical developments, theoretical and experimental dosimetry, and 
fundamental biological research on living cells appears imperative to improve current 
radiotherapeutic modalities and to promote synchrotron-based techniques for established clinical 
applications. 
Compared to photon beams generated by conventional x-ray or γ-ray sources, synchrotrons 
facilitate the use of monochromators to produce highly monochromatic and tunable photon beams 
of high intensity over a continuous energy region. At various synchrotron facilities around the 
world, numerous irradiation methods have been established for the treatment of living cells with 
monochromatic keV x-ray beams. 
In 1987, a monochromatic x-ray irradiation system was constructed at the Photon Factory (a 2.5 
GeV synchrotron with a maximum electron beam current of about 350 mA) to deliver 
monochromatic beams with photon energies from about 3 to 15 keV for radiation biology studies 
(Kobayashi et al. 1987). The implemented monochromator system consisted of reflecting silicon 
crystals. The tunable x-ray beams propagated in a direction parallel to the incident synchrotron 
beam (Fig. 4.1). The intensity of the x-ray beam was monitored using an ionization chamber 
positioned in between the dispersing element and the sample holder. A scanning sample stage was 
constructed for homogeneous irradiations of biological samples maintained in common culture 
vessels. Tilted vessels were attached to the sample holder and moved vertically during the 
irradiation process. The entire stage was placed into an insulated box which allowed the user to 
control the environmental conditions. 
 
 
Figure 4.1 Schematic diagram of the monochromatic x-ray irradiation system for radiation biology studies 
using 3-15 keV x-rays at the Photon Factory in Japan. Reprinted from (Kobayashi et al. 1987). 
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The implantation of an irradiation system for studies of ionizing radiation damage at Aladdin was 
first reported in 1991 (Meger Wells et al. 1991). The former 1 GeV electron storage ring, located 
at the Wisconsin Synchrotron Radiation Center, operated at 0.8 GeV with a maximum electron 
current of 200 mA. The x-ray lithography beamline ES-0 was equipped with a multilayer filter for 
energy selection in the ultrasoft x-ray energy region from about 0.2 to 3 keV (Fig. 4.2). The 
intensity of the reflected x-ray beam was monitored by a fixed ionization chamber positioned in 
between the monochromator and the sample holder. The implemented scanning system enabled 
the irradiation of customized culture dishes with bottoms of thin Mylar foil. During irradiations, 
the dishes were placed onto the sample holder and aligned perpendicular to the monochromatic x-
ray beam so that the beam first passed through the bottom of the dish. An experimental chamber 
isolated the entire scanning apparatus from the environmental conditions at the beamline. Ports at 
the bottom allowed the chamber to be filled with pre-defined gas compositions. 
 
 
 
Figure 4.2 Schematic diagram of the monochromatic x-ray irradiation system for cell exposures to 0.2-3 
keV x-rays at Aladdin in the USA. Reprinted from (Meger Wells et al. 1991). 
 
More recently, several radiobiological studies have been conducted at the ESRF (electron energy: 
6 GeV; maximum electron current: 200 mA). A fixed-exit monochromator, made of a pair of 
Si(1,1,1) crystals oriented in Laue geometry, provides broad X-ray beams that traversed parallel 
to the propagating direction of the synchrotron beam (Suortti et al. 2000). The available 
monochromatic photon energy ranges from about 18 to 80 keV. The inhomogeneity of the 
approximately 40-mm-wide beam is less than 20%. Beamline users can utilize a vertical 
translation device for homogeneous biological sample scans (Fig. 4.3). Completed in vitro studies 
include the irradiation of adherent cells in culture flasks placed perpendicular to the x-ray beam 
(Corde et al. 2002), the irradiation of cell suspensions in permanently rotating cryotubes (Biston 
et al. 2004), or the irradiation of cell solutions in PTFE capillaries in water-filled cryotubes 
(Bobyk et al. 2013). 
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Figure 4.3 Schematic view of the vertical translational set-up enabling homogenous irradiations of 
biological samples with 18-80 keV x-rays at the ESRF in France. Reprinted from (Corde et al. 2002). 
 
A promising irradiation concept was developed at the Louisiana State University’s Center of 
Advanced Microstructures and Devices (CAMD) (Dugas et al. 2011). At the 1.3 GeV storage ring 
(operating at a maximum electron current of about 200 mA), a double multilayer monochromator 
provides monochromatic light in form of a 28-mm-wide beam for the exposure of living cells to 
keV x-ray beams. As recently applied at their tomography beamline, the cell growing surface of a 
cell culture tube can be positioned at an angle of 24.6° to the incident monochromatic 35 keV x-
ray beam (Fig. 4.4). Before the irradiation process, the tubes must be filled with culture medium 
and attached to the vertical translational stage. The cells are exposed to x-rays by moving the tube 
up and down through the monochromatic beam. In contrast to the use of culture tubes or 
capillaries, this approach allows the irradiated cells to proliferate in a single culture vessel 
throughout the course of the experiment. Unfortunately, details about the sample handling during 
the transportation and storage at the radiation facility have not been reported anywhere. No 
answers have been forthcoming whether the seeded cells properly adapt to the adverse tilted 
orientation. 
 
 
 
Figure 4.4 Schematic of the cell irradiation arrangement as performed at CAMD in the USA. Biological 
cells, located dorsally on the tube at an angle of 24.6° to the incident beam, are moved vertically during 
irradiations. Reprinted from (Dugas et al. 2011). 
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Another approach for the irradiation of living cells has been recently presented at the Pohang 
accelerator laboratory (electron energy: 3 GeV, maximum electron current: 400 mA) beamline 
1B2 (Choi et al. 2012). By using a special well device filled with culture medium, anchored cells 
on a Kapton film can be treated with monochromatic 7.1 keV x-rays (Fig. 4.5). As shown in the 
schematic illustration, the cells are positioned perpendicular to the monochromatic X-ray beam 
and moved vertically during the irradiation process. 
 
 
Figure 4.5 Schematic view of the irradiation setup at the Pohang accelerator laboratory in Korea. Reprinted 
from (Choi et al. 2012). 
 
As observed in the most recent irradiation studies at the BL20XU beamline (Fig. 4.6) (Rahman et 
al. 2014) and at the B16 and I15 beamlines at the Diamond Light Source Synchrotron (McQuaid 
et al. 2016), experimental set-ups for the irradiation of living cells with synchrotron light are 
generally designed around vertical sample translations with compromises on the culture 
conditions during the irradiation process. Unfortunately, the irradiation geometry and the resulting 
consequences on the integrity of the targeted cells have never been critically discussed in the 
existing literature. At the interface between synchrotron science and cell biology, conducting 
reliable and consistent studies is compromised by the requirements defined by each discipline. In 
the case of cell culturing, cell type-specific culture conditions must be strictly adhered to in order 
to avoid unwanted or artefactual consequences ranging from aberrant cell phenotypes to a 
complete failure of the cell culture. For example, altered culture media volumes can influence 
cellular metabolic rates and levels of enzyme activities as demonstrated for human kidney cells 
(Gstraunthaler et al. 1999). In radiation therapy, low ambient temperatures during in vitro 
irradiations have a sparing effect and DNA damage appears to be dependent on the temperature at 
exposure (Lisowska et al. 2013). 
 
Figure 4.6 Schematic diagram of irradiation set-up at the BLU20XU beamline located at the Spring-8 
Biomedical Imaging Center in Japan. Reprinted from (Rahman et al. 2014). 
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The presence of questionable environmental conditions as a result of the compromising irradiation 
geometry can directly influence the cellular behavior. In addition, the executed cell culture 
procedures often consist of numerous labor-intensive, time-consuming, and error-prone steps such 
as cell transfers from irradiation vessels to dishes or flasks. Every inevitable step adds more 
experimental parameters to an already large number of variables that must be controlled 
throughout the course of the experiment. For example, cell transfer among culture vessels requires 
physical (scraping) or biochemical (trypsinization) detachment of adherent cells, centrifugation, 
resuspension, and reattachment. Each of these steps must be considered as a potential cellular 
stress factor. In the worst case, some parameters remain undefined as uncontrolled factors, which 
may mediate the cellular response to ionizing radiation. Additive, sub-additive, or perhaps even 
supra-additive effects consequently lead to false interpretations regarding the radiobiological 
effectiveness of administered enhancement agents or even the radiation itself; hence radiation 
biologists are hindered from undertaking meaningful research at synchrotron beamlines. Insofar 
as an intended experimental approach provides deviated culture conditions, a plethora of 
preliminary studies is required to confirm the suitability of the planned irradiation experiment and 
to guarantee the correctness of the collected results. 
This chapter introduces a novel concept for the irradiation of adherent cells with monochromatic 
keV x-rays. Motivated by the establishment of an in vitro procedure that circumvents the 
limitation of synchrotron-based irradiation processes, the developed method focuses primarily on 
the integrity of the primary object of interest: the living cells. Through the implementation of a 
horizontal scanning procedure rather than a vertical translation, it is possible to conduct sample-
oriented and stress-minimized monochromatic keV x-ray studies that allow the treated cells to 
proliferate undisturbed and uninterrupted under optimal cell type-specific culture conditions not 
only during irradiations but throughout the entire course of the experiment. The novel irradiation 
system was established at the Biomedical Imaging and Therapy (BMIT) facility that offer a 
unique environment particularly for life science research on the basis of x-rays. 
 
 
4.1. BioMedical Imaging and Therapy Facility at the Canadian Light 
Source 
Canada’s national center for synchrotron research, the Canadian Light Source (CLS), is located 
on the grounds of the University of Saskatchewan. Being one of the largest science projects in 
Canadian history, the world-class facility’s goal is to enhance the expertise in synchrotron science 
and to promote the utilization of synchrotron light across a range of scientific and industrial areas 
(Cutler et al. 2007). The CLS is at the edge of the new generation of 3 GeV sources and generates 
intense synchrotron beams with small divergence resulting in a beam brightness millions of times 
greater than any laboratory source of x-rays (Bancroft 2004). The facility consists of the 
following four main components: a linear accelerator, a booster synchrotron, an electron storage 
ring, and a number of specific synchrotron beamlines (Fig. 4.7). 
Electrons emitted from a hot tungsten filament are directly accelerated in a high vacuum by the 
below-ground linear accelerator. The 250 MeV electrons are then transferred through a transfer 
line 78 m in length to the ground-level booster ring, where the energy of the electrons is increased 
to the operation energy of the storage ring. The high-energy electrons are subsequently injected 
into the storage ring where they circulate for several hours. The maximum electron current of 250 
mA after electron injections exponentially decays to about 150 mA over a time frame of about 
12h. The very compact storage ring (170 m in circumference) has a 12-fold symmetry with 24 
bending magnets in 12 cells to bend the electrons around the entire storage ring. The cells are 
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connected to each other by twelve straight sections (about 5.2 m long) with nine sections used for 
insertion devices (i.e. undulators, wigglers). 
Bending of the high-energy electrons either by the bending magnets or the insertion devices 
produces beams of synchrotron light with a continuous energy spectrum. These intense 
synchrotron beams pass through beamlines optimized for the performance in specific photon 
energy regions and for specific analytical methods (e.g. x-ray crystallography, x-ray absorption 
spectroscopy, etc.). 
 
 
 
Figure 4.7 Floorplan of the Canadian Light Source. Reprinted from (CLS 2016). 
 
The BioMedical Imaging and Therapy facility is built for multidisciplinary projects and provides 
unique synchrotron-specific x-ray imaging and therapy capabilities through their sibling 
beamlines 05ID-2 (also called BMIT-ID) and 05B-1 (BMIT-BM) (Wysokinski et al. 2007; 
Wysokinski et al. 2013). 
While the superconducting wiggler beamline BMIT-ID is primarily designed for biomedical 
imaging and microbeam radiation therapy research, its complementary bending magnet beamline 
BMIT-BM mirrors some of the capabilities of its sister and also act as a testing ground for the 
development and validation of new imaging and therapeutic methods. Successful and promising 
applications might be translated to BMIT’s insertion device beamline. Both beamlines have the 
capacity to deliver either monochromatized or unfiltered synchrotron beams with a horizontal spot 
size of several centimeters. Experiments at the BMIT facility can be conducted in two 
experimental hutches: POE-2 and SOE-1. While BMIT-BM terminates in POE-2, BMIT-ID 
optionally terminates in POE-2 or SOE-1. The BMIT facility accommodates several amenities for 
the preparation of living samples and multiple laboratories including a life science laboratory 
which was recently opened for CLS users. 
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4.2. The Irradiation System 
The bending magnet beamline BMIT-BM is capable of providing unfiltered synchrotron beams 
with a width of about 230 mm and a height of about 4.6 mm at a distance of approximately 21 m 
from the source. The delivery of broad synchrotron beams is crucial for the irradiation of cell 
cultures commonly maintained in culture vessels such as dishes or flasks, while access to an 
unfiltered synchrotron beam extends the possibility to develop sophisticated and unique set-up 
arrangements for irradiation studies. 
Experimental hutch POE-2 is permanently equipped with several railing and translational 
arrangements used primarily for medical applications such as K-edge subtraction (KES) imaging 
(Zhu et al. 2014). The design of the monochromatic x-ray irradiation system adopted these 
arrangements that offer unique possibilities for the direct positioning and the alignment of key 
system components. The available railing, however, restricts the physical dimensions of the 
proposed system. Railing and translational systems optimized for cell culture irradiations rather 
than imaging applications could broaden the capabilities of the irradiation system as discussed 
below. 
4.2.1. Design and Implementation 
For the implementation and operation of the irradiation system, the beamline was set as follows. 
The permanently installed double-crystal monochromator remained “opened,” meaning that 
unfiltered synchrotron beams can passage through the optics hutch without being 
monochromatized. All beamline filters were removed from the synchrotron beam except for the 
0.11 mm aluminum filter resulting in synchrotron beams with a reduced contribution of low-
energy photons. The beamline slit system was set accordingly to narrow the beam spot size to 
about 1 mm in height and 40 mm in width at the center of the optics table in POE-2. 
The irradiation system itself consisted of the following three main components: a dispersing 
element made of a single bent silicon crystal in Laue geometry, an ionization chamber for 
monitoring the x-ray beam intensity, and a translational system for horizontal sample scans. The 
arrangement of the main components is schematically illustrated in Figure 4.8. 
 
 
Figure 4.8 Schematic illustration of the monochromatic keV x-ray irradiation system. The direction of the 
synchrotron beam is depicted by the horizontal arrow. The diffracted monochromatic beam is depicted by 
the diagonal arrows. 
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The crucial feature for horizontal cell culture irradiations was a single crystal monochromator 
oriented in Laue transmission geometry. When synchrotron light impinged on one side of the 
Laue monochromator, diffracted monochromatic x-ray beams emerged at the other surface in 
accordance with the Bragg conditions. Initially manufactured for synchrotron-based KES 
imaging, the physical characteristics of the available silicon wafer was based on the theoretical 
work by H. Zhang as thoroughly described in her dissertation (Zhang 2009). The key parameters 
of the silicon wafer are listed in Table 4.1. 
 
 
Table 4.1 Key parameters of the bent Laue monochromator. 
Material silicon 
Wafer width about 127 mm (5 inch) 
Wafer surface plane (5,1,1) 
Crystal thickness 600 µm 
Asymmetry angle χ* 3.3° 
Crystal bending radius 3.13 m 
Source-to-Crystal distance about 21 m 
*angle between the actual surface plane and the wafer surface plane 
 
 
The 600 µm thick asymmetric cut silicon (5, 1, 1) wafer with an asymmetry angle of χ = 3.3° was 
cylindrically bent to a radius of 3.13 m. The four-bar bender was mounted onto a swivel stage 
(Kohzu, SA16A-RS) driven by a stepper-motor (Vexta, RK-Series) to adjust the monochromator 
tilting angle. The entire monochromator set-up was placed onto a translational arrangement for 
horizontal movements which is permanently installed on the first optics table in POE-2. The 
translational stage enabled the adjustment of the monochromator horizontal position along the 
synchrotron beam. By reducing the distance to the source, it was possible to monitor the intensity 
of beams characterized by narrow diffraction angles. Otherwise, the high-energy beams would 
have passed right below the ionization chamber whose vertical position was limited by the 
vertical railing. The overall suitability of the monochromator and its unique capacity to generate 
monochromatic x-ray beams with energies around the iodine K-edge was recently demonstrated 
for spectral-KES imaging (Zhu et al. 2014). 
A non-pressurized air-filled ionization chamber (FMB Oxford, IC Plus 150), with an electrode 
length of 150 mm and an electrode separation of 10 mm, monitored the intensity of the 
monochromatic x-ray beam. The ionization chamber was mounted on a platform consisting of two 
optical boards that pivoted at the front by two hinges. The ionization chamber tilting angle had to 
be manually aligned to the direction of the diffracted beam using two bolts at the end of the lower 
optical board. The platform provided additional space for a photo diode holder installed roughly 
50 mm behind the ionization chamber rear window. Retractable fluorescence screens at the 
ionization chamber front and rear side supported the vertical alignment of an additional photo 
diode with a laser-based optical level before the installation of the fully-equipped platform in 
POE-2. The ionization chamber platform was mounted on the computer-controlled motorized 
linear stage (Parker-Daedel, 404XE Series) which belonged to the permanently installed POE-2 
railing arrangement. 
A high voltage unit (Ortec, 556H) supplied the chamber operating voltage of 500 V. The 
ionization chamber output current was pre-amplified (Stanford Research Systems, SR570). The 
generated voltage signal was collected at the data acquisition device (National Instruments, BNC-
2110) and converted into a digital signal (National Instruments, NI PXI-6284). The intensity of 
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the diffracted x-ray beam energy varied due to the spectral photon distribution in the filtered 
synchrotron beam. Suitable amplification sensitivity values for a beam with a spot size of 1 mm × 
20 mm were 5 nA/V for 11.9 keV x-rays, 10 nA/V for a 12.7 keV x-rays, and 20 nA/V for x-ray 
energies of 18.0 keV and beyond. 
The scanning sample holder was a U-shaped plate made of Plexiglas. The holder was attached to 
a motorized linear stage (Kohzu, XA30A) for horizontal translation and centered to the x-ray 
beam. Kapton film (thickness: 13 µm) covered the spared area of the U-shaped plate. A culture 
vessel placed onto the Kapton was moved along the horizontal direction through the diffracted x-
ray beam. Selecting the stage scan velocity defined the exposure time and consequently the 
irradiation dose. The horizontal and vertical beam dimensions at the sample position were set 
through the BMIT-BM control software. 
Bricks and flat sheets of lead had to be placed beneath the ionization chamber and sample holder 
to shield the sample from x-ray diffractions emitted by the crystal and scattered radiation. For 
better visualization of the main components, all lead shielding were removed from the irradiation 
system as shown in Figure 4.9. At least two video cameras monitored all ongoing events in POE-2 
in real time. The live-streams were available at the BMIT control station. 
 
 
Figure 4.9 The monochromatic keV x-ray irradiation system implemented at the bending magnet beamline 
BMIT-BM. The synchrotron beam is depicted by the horizontal line. The diffracted monochromatic beam is 
depicted by the diagonal arrow. 
 
All translational stages were remotely controlled and, in contrast to the tilting angle of the 
ionization chamber, could be set during online sessions. The most challenging and time-
consuming task was the alignment of the ionization chamber towards the direction of the selected 
diffracted x-ray beam. First, it was necessary to manually align the chamber tilting angle to the 
Bragg angle of the corresponding photon energy using a digital protractor. After that, the tilted 
chamber was driven into the vertical position so that the diffracted beam passed through the 
center of the front and rear window. To confirm the correct vertical position, two video cameras 
simultaneously monitored the beam spots at both windows, each partly covered with fluorescence 
paper. Once the correct vertical position was found, several more iterations were required to fine-
tune the ionization chamber tilting angle. To accomplish the optimal tilting angle, it was 
necessary that the beam spots disappeared at both ionization chamber windows at the same time 
while moving the ionization chamber slowly out of the beam. 
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The successful alignment of the monochromator tilting angle and the subsequent positioning of 
the ionization chamber could be achieved within less than one hour. However, a motorized 
platform entirely controlled from the user station outside POE-2 would tremendously shorten the 
time-consuming alignment procedure. The remote control of the ionization chamber tilting angle 
would speed up the required energy calibration process. Also, storage of the complete list of 
monochromator parameters for pre-defined x-ray energies could simplify the calibration 
procedures by reusing verified experimental settings. 
 
4.2.2. Diffracted Beam Energy and Energy Calibration 
Depending on the beam geometry, x-ray diffraction from a single crystal can be described by 
Bragg reflection or Laue transmission. If the incident x-ray beam and the diffracted beam both 
appear on the same side of the crystal, it is called Bragg diffraction. If the incident beam impinges 
on the crystal surface and the diffracted beam emerges from the opposite surface, the crystal is 
oriented in Laue geometry (Fig. 4.10A). In both cases, the wavelength λ of the diffracted beam is 
described by nλ = 2d	×	sinθ with θ being the diffraction angle, d representing the spacing between 
crystal planes, and n being the order of diffraction (Bragg & Bragg 1913). For the reflection at the 
selected (3,1,1)-plane, the distance between two planes is d = 0.1637 nm. For the first order 
(n = 1), the Bragg equation in terms of the photon energy Eph = hc λ⁄  is given as follows: 	
Ephθ = hc2d × sinθ 
 
For the proposed set-up, the angle 2θ measured from the horizontal plane of the synchrotron beam 
must define the direction of the diffracted beam with energy Ephθ as illustrated in Figure 4.10B. 
Otherwise, it would not be manageable to identify the (3,1,1)-diffracted X-ray beam among the 
existing x-ray diffractions and to align the ionization chamber tilting angle appropriately. 
 
 
 
Figure 4.10 Optics and beam geometry for an asymmetric Laue type crystal. (A) The letter I represents the 
incident ray, D is the diffracted ray, L is the lattice plane, N is the surface normal, θ is the Bragg angle, and 
χ is the asymmetry angle of the crystal (Zhang et al. 2009). (B) The direction of the diffracted 
monochromatic x-ray beam is defined by the angle 2θ in the clockwise direction beginning from the 
direction of the initial synchrotron beam. 
 
Selected reference metal foils are commonly used as calibration standards (e.g. basic foil set by 
EXAFS Materials). To verify the energy of synchrotron-based keV x-ray beams, the beam 
intensity across element-specific absorption edges is collected to calibrate the tilting angle of the 
monochromator to the corresponding ionization energy. For this procedure, a single metal foil 
was placed in front of the ionization chamber to measure the intensity of a beam (with a defined 
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height of 1 mm and a width of 20 mm) as a function of monochromator tilting angle. The 
properties of the selected metal foils, the specific absorption edges, and the corresponding 
ionization energies are presented in Table 4.2. 
 
 
Table 4.2 Properties of the reference materials for the x-ray beam energy calibration. 
Material Symbol Z Densitya Thicknessb Edge Energyc 
 
 
 (gcm−3) (µm)  (keV) 
Gold Au 79 19.3 5 Au L3 11.9 
Selenium Se 34 4.8 325 (mesh) Se K 12.7 
Zirconium Zr 40 6.5 20 Zr K 18.0 
Niobium Nb 41 8.6 25 Nb K 19.0 
Molybdenum Mo 42 10.3 15 Mo K 20.0 
Palladium Pd 46 12.0 10 Pd K 24.4 
Silver Ag 47 10.4 25 Ag K 25.5 
 
Sources: awolframalpha.com, bEXAFS Materials Basic Foil Set Manual, cX-ray Data Booklet  
 
 
A possible angle increment of ∆θ = 0.0014° could be set in accordance with the manufacturer’s 
information sheet. A data set consisted of 200 data points with each point representing the mean 
of 200 independent ionization chamber output current measurements. All LabVIEW programs for 
the operation of the monochromator system and the data acquisition were written, tested, and 
approved for use at the beamline by B. Bewer1. Since then, all software packages and user 
interfaces have been accessible for the users at the BMIT workstation. 
The collected spectral-beam intensities across the element-specific absorption edges are plotted in 
Figure 4.11. The edge steps are sufficiently large enough to differentiate the element-specific 
absorption edge from experimental artefacts associated with malfunctions such as an immediate 
steep increase of the output signal as a result of a diffracted x-ray beam hitting an ionization 
chamber electrode. The origin of the most dominant faulty-like feature in the spectra, noticeable 
as a pre-edge broad peak-like feature in the gold L3, molybdenum K, and silver K spectrum, 
remains unknown and could not be reproduced for the gold L3 and molybdenum K edge at 
different beamtime sessions. Anyhow, these artefacts remain the only observed anomaly and were 
neglected as they did not influence the following analytical processes. 
                                               
1Dr. Brian Bewer, BioXAS Science Associate, Canadian Light Source, Saskatoon/Saskatchewan, Canada, 
2016. Contact Information: Phone: +1-306-6573851, E-mail: brian.bewer@lightsource.ca 
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Figure 4.11 Inverted spectral beam intensities across the following edges: (A) gold L3, (B) selenium K, (C) 
zirconium K, (D) niobium K, (E) molybdenum K, (F) palladium K, and (G) silver K. 
 
 
A B
C D
E F
G
æææææææææææææææææææææææ
æ
æ
æ
æ
æ
ææ
æææææææ
æ
æ
æ
æ
æ
ææææææææææææææææææææææææææææææææææææææææææææææææææ
æææ
ææ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
ææ
ææ
ææ
ææ
æææ
æææ
ææ
æææ
æææææææææææææææææææ
æææ
ææææ
æææææææææææææææææææææææææææææææææææ
0 0.05 0.10 0.15 0.20 0.25
-1.5
-1.7
-1.9
-2.1
Angle Increment HdegL
B
ea
m
In
te
n
si
ty
HV
L
æææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
æ
æ
æ
æ
æ
æ
æææææ
æ
æ
æ
æ
æ
ææ
æ
æ
æ
æ
æ
æ
æ
æ
ææ
æ
ææææ
ææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
0 0.05 0.10 0.15 0.20 0.25
-2.1
-2.5
-2.9
-3.3
Angle Increment HdegL
B
ea
m
In
te
n
si
ty
HV
L
ææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
æææææ
ææ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æææææææ
ææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
æææææææææ
0 0.05 0.10 0.15 0.20 0.25
-1.5
-2.0
-2.5
-3.0
Angle Increment HdegL
B
ea
m
In
te
n
si
ty
HV
L
æææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
æææ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
ææ
ææææææææææææææææææææææææææ
ææææ
æææ
ææææææææææææææææææææææææææææææææææææææææææææ
0 0.05 0.10 0.15 0.20 0.25
-1.0
-1.5
-2.0
-2.5
-0.5
Angle Increment HdegL
B
ea
m
In
te
n
si
ty
HV
L
ææææææææææææææææææææææææææææææææææææææææææ
æ
æ
æææææææææææ
æ
æ
ææææ
ææææ
æææææææææææææææææ
æææææ
ææ
ææ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æææ
æææææææææææææææææææææææææææææææææ
æææææææææææææææææææææææææ
æææææææææææææææææææææ
ææææ
æææææ
0 0.05 0.10 0.15 0.20 0.25
-1.5
-2.0
-2.5
-3.0
Angle Increment HdegL
B
ea
m
In
te
n
si
ty
HV
L
ææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
ææææææ
ææ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
ææææææ
ææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææææ
0 0.05 0.10 0.15 0.20 0.25
-0.8
-0.4
-1.2
-1.6
Angle Increment HdegL
B
ea
m
In
te
n
si
ty
HV
L
æææææææææææææææææææææææææææææææ
ææææææææææææææææææææ
ææ
ææ
ææ
ææ
ææ
ææææææ
ææææææææææææææææææææææææ
ææææ
æææ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
ææ
ææææ
ææææææææ
æææææææææææææææææ
ææææææææææ
ææææææææææææææææææææææææææææææææææ
ææææææææææ
æ
0 0.05 0.10 0.15 0.20 0.25
-0.8
-1.0
-1.2
-1.4
-1.6
Angle Increment HdegL
B
ea
m
In
te
n
si
ty
HV
L
4.2. The Irradiation System 
33 
The detail in the spectra exceeded initial expectations in a way that the observed features even 
resembled characteristic near-edge structures usually seen in x-ray absorption near-edge structure 
(XANES) spectra. Figure 4.12 compares the gold L3 XANES spectrum as measured at the Hard 
X-ray MicroAnalysis (HXMA) beamline and the background-subtracted spectral intensity curve 
as collected at BMIT-BM. The spectral intensity curve does not only resemble the general shape 
of the gold L3-edge, but also contains several post-edge peak-like features as seen in the 
corresponding XANES spectrum. 
 
 
Figure 4.12 Comparison of gold L3 edge spectra. (A) XANES spectrum of the gold L3 edge. (B) Intensity 
spectrum at the gold L3 edge. 
 
If necessary, an interpolation procedure was applied to remove pre-edge peak-like features from 
the spectra. A linear fit restricted to the pre-edge region provided the curve baseline which was 
used to subtract the background signal from the actual signal. Since simplified theory predicts an 
arctangent-shaped edge with the inflection point at the ionization energy for the gold L shells 
(Richtmyer et al. 1934), the following trigonometric arc-tangent function appeared to be an 
appropriate model to describe the shape of the collected signal around the gold L3 edge: 
 
A(θ) = (A0 / π) × arctan (αAθ − βA) + B 
 
In the above equation, the variable A0 (V) describes the measured signal height across the 
absorption edge, B (V) is the vertical offset, and βA/αA (deg) is the angle increment shift. For the 
gold L3 edge, Mathematica’s non-linear fitting algorithm produced converging fits even without 
the use of initial parameter values. For consistency reasons, the same model was applied to 
describe the shape of the remaining spectral intensity curves. Table 4.3 summarizes all fit results 
including the square of the fit correlation coefficient R2. The direct comparison between the 
collected spectra and the fit curves confirms that the arc-tangent function is an agreeable choice to 
model the recorded data sets (see Fig. 4.13 and Fig. 4.14). 
The intersection point of the second derivative A''(θ)	of the obtained fit curve with the x-axis was 
consequently an adequate approximation for the inflection point of the collected spectral curve. In 
this manner, the zero-crossing of the second derivative was used for the calibration of the 
monochromator tilting angle to the electron binding energy of the corresponding absorption edge 
(see Fig. 4.13 and Fig. 4.14). 
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Figure 4.13 Energy calibration procedure (I). Left side: Background-subtracted intensity signal (grey line), 
arc-tangent fit curve (black line) and the calculated difference between the two curves (grey area). Right 
side: second derivative of the computed arc-tangent fit curve. Absorption edges: (A) gold L3, (B) selenium 
K, (C) zirconium K, and (D) niobium K. 
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Figure 4.14 Energy calibration procedure (II). Absorption edges: (A) molybdenum K, (B) palladium K, and 
(C) silver K. 
 
Once the monochromator angle was properly set to hit the first absorption edge, the energy of the 
diffracted x-ray beam could be moved directly from an absorption edge to another. The linear 
relationship between the actual tilting angle of the monochromator apparatus and the Bragg angle 
even enabled to adjust the monochromator set-up to any desired photon energy in between the 
tested absorption edges. Future studies can be designed around the system’s ability to provide 
well-defined photon energy within the tested energy region from 11.9 to 25.5 keV. 
 
Two features narrowed the available energy region for the monochromatic x-ray beam. At the 
lower end, the contribution of low-energy photons was reduced due to beam-hardening effects. 
The intensity of the diffracted beam diminished rapidly with decreasing photon energy below 10 
keV. Removing all aluminum filters from the synchrotron beam would increase the contribution 
of low-energy photons in both, the incident and diffracted beams. The translational stage 
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responsible for the vertical position of the ionization chamber limited the photon energy at the 
high-energy region. Instead of passing directly through the ionization chamber, x-ray beams with 
energies above 30 keV would miss the chamber, and instead, pass beneath the beam monitor 
because of the narrow Bragg angles. For the irradiation system, the lowest possible chamber 
position set by the translational stage – initially optimized for KES imaging – defined the 
maximum beam energy which was expected to be around 30 keV. 
 
 
Table 4.3 Fit results for the monochromator calibration procedure. 
Edge Energy  A0 B βA/αA  R2  
 (keV)  (V) (V) (deg)  
Au L3 11.9  0.637 ± 0.001 0.290 ± 0.001 0.153 ± 0.006 0.999 
Se K 12.7  1.253 ± 0.004 0.590 ± 0.004 0.138 ± 0.011 0.997 
Zr K 18.0  2.207 ± 0.002 1.059 ± 0.002 0.151 ± 0.007 0.999 
Nb K 19.0  2.085 ± 0.002 0.993 ± 0.002 0.156 ± 0.007 0.999 
Mo K 20.0  1.922 ± 0.002 0.918 ± 0.003 0.140 ± 0.007 0.999 
Pd K 24.4  1.108 ± 0.001 0.531 ± 0.001 0.149 ± 0.006 0.999 
Ag K 25.5  0.691 ± 0.001 0.332 ± 0.001 0.151 ± 0.006 0.999 
 
 
4.2.3. Energy Bandwidth and Energy Error 
Recent synchrotron-based studies systematically evaluated the role of potential photonactivation 
agents such as iodinated contrast compounds (Corde et al. 2004) or platinated chemotherapeutic 
drugs (Biston et al. 2004) around the element-specific K-edges, because the particle composition 
and energy distribution of any emitted secondary radiation depend on both the therapeutic x-ray 
energy and the corresponding electron binding energy. To conduct similar studies at BMIT-BM, 
the irradiation system must generate x-ray beams characterized by narrow energy bandwidths. 
The equational description of the energy bandwidth ∆Eph(θ) and energy error ∆Eph(θ)/Eph(θ) can be 
derived from the Bragg equation as expressed in Equation 4.1. The derivative of the photon 
energy with respect to the Bragg angle is given as follows: 
 
dEph(θ)
dθ  = −
hc
2d (sinθ)
-2
 cosθ 
 
⇒	dEph(θ)dθ  = −Eph(θ)	cotθ 
 
Considering small changes in the Bragg angle, the replacement of the derivative by the 
differential leads to the following adequate approximation: 
 
∆Eph(θ)
∆θ
	≈ dEph(θ)dθ  = −Eph(θ)	cotθ 
 
This approximation makes it now possible to calculate the energy bandwidth: 
 
∆Eph(θ)	=	Eph(θ)	∆θ	cotθ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The energy error at a given photon energy is calculated using the following equation: 
 
∆Eph(θ)
Eph(θ)
	=	|∆θ	cotθ|	
 
Bragg reflection generally describes an idealized condition, meaning that only a sharp energy is 
selectively reflected. Under experimental conditions, the angular divergence ∆θ of the x-ray beam 
broadens the energy distribution around the photon energy Eph(θ). The shape of the distribution is 
described by the Rocking curve with the FWHM (full width at half maximum) used to define the 
energy bandwidth ∆Eph(θ). For a bent Laue monochromator, the energy bandwidth of a specific 
diffraction plane consists of two separate contributions: the divergence of the incident x-ray beam 
and the intrinsic angular width of the Laue diffraction due to a change of the Bragg angle over the 
crystal’s thickness (Ren et al. 1999). In general, cylindrically bent Laue monochromators have 
wide Rocking curves with a flat top. 
Instead of measuring the Rocking curves of the selected (3,1,1)-diffraction plane at different 
photon energies, the collected intensity curves were further analyzed to examine the final energy 
bandwidth ∆EF(θ). To calculate the square of the final bandwidth ∆EF(θ), the terms of the selected 
(3,1,1)-diffraction plane bandwidth and the natural line width of a scanned absorption edge, both 
in quadrature, must be summed up. While the natural line widths of the specific edges are 
generally known (Krause & Oliver 1979), the diffraction term could not be determined in this 
work. For this reason, the angular width ∆θF, here defined as the steps to move the 
monochromator from 10% to 90% of the maximum intensity signal (Fig. 4.15), was determined 
from an intensity curve and used to calculate the energy bandwidth ∆EF(θ) and the energy error ∆EF(θ)/Eph(θ) for the selected (3,1,1)-diffraction at the scanned absorption edges. 
 
 
 
Figure 4.15 Determination of the angular width ∆θF (depicted by the dashed lines) from the arc-tangent 
function (black line) computed to model the shape of the Au L3 intensity spectrum (grey line). 
 
The following approach circumvented the experienced difficulties for the computational 
algorithm to determine the boundaries of the angular width from the arc-tangent fit curve A(θ). 
First, Mathematica’s inverse algorithm was applied to calculate the maximum and minimum of 
the inverse function A(θ)−1. Once the total height of the collected intensity signal was known, the 
values associated with the variable at 10% and 90% of the maximum signal height were 
determined to find the corresponding angles θ10 and θ90. The obtained angular widths are 
visualized in Figure 4.16.  
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To approximate the error ∆(∆θF) of the angular width, the difference between the widths for the 
curves A(θ,αA) and A(θ,αA + ∆αA), with ∆αA being the computed error of the fit parameter αA 
primarily responsible for the angular width, needed to be computed. For each spectrum, both 
widths are plotted in Figure 4.17. The error of the energy bandwidth was subsequently calculated 
in accordance with the Gaussian error distribution.  The results are summarized in the Table 4.4.  
 
 
Table 4.4 Final energy bandwidth and energy error of the selected (3,1,1)-diffraction plane at 
distinct absorption edges. 
Edge Energy ∆θF ∆EF(θ) ∆EF(θ)/Eph(θ) 
 (keV) (deg) (eV) (×10−3) 
Au L3 11.9 0.055 ± 0.002 34.5 ± 1.1 2.89 ± 0.09 
Se K 12.7 0.047 ± 0.003 33.2 ± 2.7 2.62 ± 0.18 
Zr K 18.0 0.033 ± 0.001 48.6 ± 1.3 2.70 ± 0.07 
Nb K 19.0 0.036 ± 0.001 47.9 ± 1.5 3.05 ± 0.08 
Mo K 20.0 0.031 ± 0.001 55.8 ± 1.6 2.79 ± 0.08 
Pd K 24.4 0.031 ± 0.001 82.8 ± 1.9 3.40 ± 0.08 
Ag K 25.5 0.026 ± 0.001 79.1 ± 2.6 3.00 ± 0.10 
 
 
The final energy bandwidth increased from (34.5 ± 1.1) eV at 11.9 keV to a maximum value of 
(82.8 ± 1.9) eV as measured at 24.4 keV. The increase of the energy bandwidth as a function of 
the photon energy can be explained by the line width of the K-shell and the fact that this line 
width generally broadens with increasing atomic number. For example, the FWHM of the 
selenium K edge is 2.33 eV, while the silver K edge line width is 6.75 eV (Krause & Oliver 
1979). The observation of detailed features in the collected Au L3 intensity spectrum already 
indicated that the actual energy bandwidth of the (3,1,1)-diffraction plane was smaller than the 
obtained final bandwidth at 11.9 keV. However, the results were used to set the monochromator 
tilting angle with respect to the specific absorption edge. In contrast to ∆Eph(θ), the final energy 
bandwidth provides useful information needed by monochromatic irradiation studies around 
specific absorption edges. In those experiments, ∆EF(θ) is a suitable parameter to adjust the 
monochromator tilting angle so that the diffracted x-ray beam consists only of photons with either 
sufficient or insufficient energies to liberate electrons from the targeted shell. 
The energy error for the (3,1,1)-diffraction plane appears to be nearly energy-independent in the 
tested energy region from 11.9 keV to 25 keV. The calculated order of magnitude (10−3) agrees 
well with the verified energy errors for single crystal monochromators in Laue geometry. 
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Figure 4.16 Determination of the energy bandwidth. The inverse function A(θ)−1 (black line) and the 
corresponding angular width ∆θF (depicted by the dashed lines) are visualized. Absorption edges: (A) gold 
L3, (B) selenium K, (C) zirconium K, (D) niobium K, (E) molybdenum K, (F) palladium K, and (G) silver 
K. 
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Figure 4.17 Angular widths for the curves A(θ,αA) (black line) and A(θ,αA + ∆αA) (grey line). Absorption 
edges: (A) gold L3, (B) selenium K, (C) zirconium K, (D) niobium K, (E) molybdenum K, (F) palladium K, 
and (G) silver K. 
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4.2.4. Surface Dose Calculations 
For external beam radiation therapy, the absorbed dose is defined as the amount of energy 
deposited into the unit mass of the irradiated material: 
 
Absorbed Dose = 
Deposited Energy
Object Mass 	
 
Taking into account the monochromatic character of the x-ray beam, the amount of deposited 
energy can be calculated by the number of photons N which are absorbed in the mass of the 
material M multiplied by the energy of the photons Eph: 
 
D(Eph) = 
N	×	Eph
M
 
 
The mass M is readily calculated by multiplying the intersected area A with the thickness of the 
material L times the density of the irradiated tissue ρ
t
. The number of photons along the beam 
path in the irradiated object is described by Beer’s law. However, the number of photons Na 
depositing energy into the targeted volume differs from the number of absorbed photons. If the 
number of initial photons is N0 and a voxel of mass with thickness dx is embedded at a certain 
length x beneath the surface, the following expression describes the number of photon interactions 
associated with an energy transfer towards the defined volume: 
 
dNa = N0exp−µTt ρtx 1 − exp−µEAt ρtdx 
 
with µ
T
t
 = µ ρ⁄ Tt  being the total mass attenuation coefficient and µEAt  = µ ρ⁄ EAt  being the mass 
energy absorption coefficient of the tissue material. For the x-ray path length within a volume 
starting at the surface (x	=	0 to a certain thickness L, the total number of absorbed photons 
depositing energy into the targeted mass is calculating using the following equation (Bewer 
2010): 
Na =  dNa
L
0
 = N0 µEA
t
µ
T
t
1 − exp−µ
T
t ρ
t
L	
 
By inserting this expression for the number of absorbed photons into Equation 4.2, the absorbed 
dose can be readily calculated in accordance with the equation: 
 
DEph) = N0EphAρ
t
L 
µ
EA
t
µ
T
t
 1 − exp−µ
T
t ρ
t
L	
 
For a monochromatic x-ray beam with the initial number of photons N0, the deposited dose 
depends on the photon energy and the properties of the irradiated target in terms of irradiated 
area, density, and thickness. 
Regardless of whether the irradiation is conducted at the bending magnet beamline BMIT-BM or 
insertion device beamline BMIT-ID, the biological sample is showered with ionizing radiation in 
the form of photons with energies below 100 keV. In this energy region, the largest dose is 
delivered to the surface of the irradiated object, as the number of photons decreases exponentially 
(4.2) 
(4.3) 
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when the beam traverses the targeted object. The so-called surface dose DS	can be mathematically 
derived as the zero-thickness limit of the absorbed dose. 
If the exponential part in Equation 4.3 is approximated by the first two terms of its Taylor series: 
 
exp-µ
T
t ρ
t
L ≈ 1 − µ
T
t ρ
t
L  
 
The equation of the surface dose can be simplified to the following practical expression: 
 
DS(Eph) =	 lim
L → 0
D(Eph)  ≈ lim
L → 0
N0Eph
Aρ
t
L 
µ
EA
t
µ
T
t
1 − 1 −	µ
T
t ρ
t
L	 
 
⟹	DS(Eph) = N0EphµEA
t
A 	
 
The surface dose rate D S can be calculated after measuring the currently available photon flux 
N 	= N t⁄  for the diffracted x-ray beam. 
If a photon beam with flux N  passes through the ionization chamber, the number of electrons 
dne	liberated per time interval in a volume with thickness dx between the chamber electrodes can 
be derived by taking the number of photon interactions per unit mass (photon flux per unit area 
times the total mass attenuation coefficient of air) multiplied by the volume mass and the average 
number of electrons generated per interaction process 
 
dne =	 NAa µTa  × Aaρadx ×	
 Eab
W  
 
with	 Eab = Eph × µEAa µTa⁄  
 
where Aa is the cross section of the photon beam traversing the ionization chamber,	µTa  is the total 
mass attenuation coefficient of air, µ
EA
a 	is the mass energy absorption coefficient of air, ρ
a
 is the air 
density, Eab	is the average transferred energy per photon interaction, and W = 34.4 eV is the 
average photon energy required to generate an electron-ion pair in air (Barendsen1982). The beam 
attenuation along the detector length is taken into account by replacing the flux N  with the 
exponentially decaying photon rate: 
 
N (x) = N 0exp−µTaρax	
 
The electron current Iion collected at the detector output is the sum of all charges that hit the 
electrode along the entire electrode length Lion, so the formula for the photon flux N 0 is related to 
the collected ionization chamber current (wit q
e
 representing the elementary charge): 
 
Iion(Eph) = qedne 	=	  qeN 0exp−µTaρax
Lion
0
ρ
a
 Eph
W µEA
a dx 
 
⇒  Iion(Eph) = qeN 0  EphW
µ
EA
a
µ
T
aρ
a
 
1 − exp−µ
T
aρ
a
Lion 
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Applying a Taylor approximation for the exponential term further simplifies the derived formula 
for the electron output current as shown in Equation 4.4 below. 
 
 Iion(Eph) = qeN 0  EphW µEAa ρaLion	
 
This results in a practical equation for the surface dose rate which depends on the collected 
ionization chamber output current:	
 
D S(Eph) =  Iionq
e
W
Aρ
a
Lion
µ
EA
t
µ
EA
a
 
 
The attenuation of keV x-ray beams in air and the culture dish bottom motivates the introduction 
of the additional attenuation factor: 
 
κ(Eph) = exp(−µ ALA) × exp(−µDLD(Eph)) 
 
Here, µA and µD represent the linear attenuation coefficient of air and polystyrene, LA is the 
distance between the ionization chamber and the sample and LD(Eph) is the energy-dependent path 
length across the culture dish bottom (Fig. 4.18A). The spectral transmission of a monochromatic 
x-ray beam passing through a Falcon 353001 culture dish with a bottom thickness of ddish = 1.22 
mm was calculated using the polystyrene density of ρpol = 1.05 × 10−3 gcm−3 (Fig. 4.18B). 
 
 
 
Figure 4.18 Attenuation of diffracted x-ray beams in the bottom of a 35 mm cell culture dish. (A) 
Schematic diagram for the calculation of the actual beam path length across the culture vessel bottom. (B) 
Spectral transmission of a monochromatic x-ray beam passing through polystyrene with an energy-
dependent path length of LD(Eph). 
 
The actual surface dose DSmod delivered to the biological sample was therefore calculated using the 
modified formula: 
DSmod(Eph) = κ(Eph) × DS(Eph) 
 
The total mass attenuation coefficients and mass energy absorption coefficients of air, 
polystyrene, and the soft tissue equivalent ICRU-44 are listed in the National Institute of 
Standards and Technology (NIST) X-ray Database (Hubbell & Seltzer 2009). In this work, the 
following values were used to calculate the surface dose and the x-ray beam attenuation in air and 
in the vessel bottom (Tab. 4.5).  
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Considering the actual path-length of the beam passing through the dish bottom and an electron 
current in the CLS storage ring of 250 mA, the maximum dose rate for the irradiation of an MCF-
7 cell culture using a 11.9 keV (20.0 keV) x-ray beam was 0.46 Gy/s (0.81 Gy/s), according to 
Equation 4.5. Moving the POE-1 aluminum filter out of the synchrotron beam increased the 
surface dose rate by 38% (11%) at a given photon energy of 11.9 keV (20.0 keV). For a single 
culture dish treated with 20.0 keV x-rays, the irradiation phase was less than 2 min for delivering 
a surface dose of 2 Gy (and less than 10 min for 10 Gy) to human cell lines.  
High surface dose rates essentially elevate the sample throughout, allowing the irradiation of 
multiple sample groups during allocated beamtime sessions. As the electron current in the CLS 
storage ring decreases gradually with time, so does the surface dose rate. The highest dose rates 
delivered by the irradiation system are available immediately after the injection of electrons into 
the CLS storage ring. To minimize the cellular exposure to the experimental conditions in POE-2, 
high-dose samples should be treated preferably during these periods within precious beamtime 
sessions. 
 
4.2.5. Ionization Chamber Response 
A properly calibrated radiation monitor is essential to generate reproducible results that can be 
placed in a wider context. The International Atomic Energy Agency (IAEA) recommends that 
each individual instrument used in radiation monitoring should be calibrated before its first use 
and then again periodically, usually every 12-14 months (IAEA 2000). For in vitro irradiation 
studies at BMIT, calibration of the ionization chamber according to high IAEA standards appears 
exaggerated. Instead, a more practicable approach was applied to set up irradiation experiments 
during limited beamtime sessions. In this experiment, the ionization chamber response to keV x-
rays was compared to the response of a calibrated photo diode in order to verify the functionality 
of the ionization chamber as a suitable radiation monitor.  
The employed silicon-based diode (International Radiation Detectors, Type: AXUV 100GX) had 
an active area of 10 × 10 mm2 and was previously calibrated at a wavelength shifter beamline 
BAMline located at the electron storage ring BESSY II (Görner et al. 2001). The measured diode 
responsivity as a function of the photon energy is plotted in Figure 4.19A. 
Table 4.5 Total mass attenuation coefficient and mass energy absorption coefficient of selected 
materials for 11.9 and 20.0 keV. 
Material Energy µT
 
µ
EA
 
 (keV) (cm2 g⁄ ) (cm2 g⁄ ) 
Air 
11.9 3.0130 2.6861 
20.0 0.7538 0.5144 
Polystyrene 
11.9 1.3436 1.0635 
20.0 0.4227 0.1929 
Tissue Equivalent 
(ICRU-44) 
11.9 2.8179 2.4884 
20.0 0.7193 0.4657 
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Figure 4.19 Photo diode responsivity. (A) Measured responsivity as a function of the photon energy and the 
computed exponentially decaying fit curve (black line). (B) Residuals and responsivity errors. 
 
The following exponentially decaying function was used to describe the energy-dependent 
diode’s responsivity Rpd in order to obtain approximated values in between the measured data 
points: 
Rpd(Eph) = R0 × exp(−αREph + βR) + RB 
 
The fit curve with the computed coefficients R0 = (0.076 ± 0.003) A/W, αR = (0.194 ± 0.004) 
1/keV, βR = (2.5194 ± 0.0002), and RB = (0.0026 ± 0.0008) A/W is plotted on top of the measured 
responsivity in Figure 4.19A. Although the pattern in the residual plot (RES = Rpd,observed −
 
 Rpd,expected) 
suggests that the model has room for improvement (Fig. 4.19B), the applied exponentially 
decaying curve was a sufficient approximation to estimate the diode’s responsivity across the 
tested photon energy region. 
To verify the ionization chamber response, the photo diode position had to be properly aligned to 
the center axis of the ionization chamber. First, the horizontal position of the photo diode holder 
was set to the center of the ionization chamber. A laser band optical level was used to align the 
vertical height of the diode to the ionization chamber windows. These alignment steps had to be 
performed before the ionization chamber platform was attached to the POE-2 railing system. To 
avoid an offset in the beam flux measurements, a black box with small Kapton windows on the 
front and rear sides shielded the diode from exposure to incident light emitted by indirect sources 
in the experiment hall. The applied spot size of the diffracted x-ray beam had to fit into the 
dimension of the active area and the hole in the diode holder (diameter of 7 mm). Therefore, the 
presented results reflect the response of the diode and ionization chamber to x-ray beams with a 
reduced width of 3.5 mm and a height of 1.1 mm at the diode position. The beam flux 	N pd 
measured by the photo diode was calculated according to 
 
Ipd(Eph) = Rpd ×	N pd × Eph 
 
with Ipd(Eph) being the collected diode output current. The determined beam flux 	N pd was then 
compared to the beam flux N ion as monitored by the ionization chamber using Equation 4.4. The 
collected flux values were further normalized to the electron current in the CLS storage ring to 
eliminate any disparities caused the by the gradual loss of electrons with time. All software 
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packages for the data acquisition were written and implemented at BMIT-BM by Mr. Bolibruch2. 
The normalized beam flux as determined by the photo diode and ionization chamber, along with 
the diode responsivity for 11.9, 20.0 and 25.5 keV x-ray beams are listed in Table 4.6. 
 
 
Table 4.6 Comparison between the normalized flux as measured by the photo diode and 
ionization chamber. 
Energy Responsivity Rpd Norm. Diode Flux N pd Norm. Chamber Flux N ion 
(keV) (A/W) (#/(mAs)) (#/(mAs)) 
11.9 0.096 ± 0.007 (1.64 ± 0.08) × 107  (2.70 ± 0.07) × 107 
20.0 0.023 ± 0.001  (1.30 ± 0.05) × 108  (1.29 ± 0.04) × 108 
25.5 0.011 ± 0.001  (1.27 ± 0.04) × 108  (1.25 ± 0.04) × 108 
 
 
As shown in Figure 4.20, the highest normalized fluence (Ψ = N (A × t)⁄ ) was measured for the 
20.0 keV x-ray beam, while the lower values for 11.9 and 25.5 keV x-ray beams mirror the 
energy spectrum of the synchrotron beam with a general reduced contribution of low-energy 
photons. Overall, the fluence as measured by the ionization chamber was comparable to the 
fluence obtained by the photo diode for 20.0 and 25.5 keV x-ray beams. Assuming that the 
diode’s response to monochromatic keV x-rays was accurately calibrated, the detected 
discrepancy at 11.9 keV may indicate a certain limitation of the linearity for ionization chamber 
responsivity in the lower photon region. To resolve this issue, further dosimetry studies need to 
clarify the actual responsivity of the ionization chamber in the low keV x-ray energy region. 
Regardless of the detected discrepancy between the responsivity of the ionization chamber and 
the calibrated diode, the irradiation system created highly accurate dosimetry results at photon 
energies of 20 keV and beyond. Below this threshold, the calculated value for the surface dose 
might be larger than the actual radiation dose delivered to the sample.  
 
 
Figure 4.20 Normalized photon fluence rates measured by the ionization chamber (dotted line) and photo 
diode (dashed line). 
                                               
2Nicholas Bolibruch, Research Associate, Canadian Light Source, Saskatoon/Saskatchewan, Canada, 2010-
2013. 
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4.2.6. Flux Profiles of 11.9 keV and 20.0 keV X-ray Beams 
Homogenous irradiations of cell culture across the entire sample area require x-ray beams with 
high flux uniformity along the horizontal direction of the beam cross section. The flux uniformity 
along the vertical beam direction can be neglected as deviating effects are averaged out during 
horizontal irradiation scans. 
In this preliminary experiment, the uniformity of the beam flux along the horizontal direction was 
evaluated using a lead plate with a 2.5 mm wide window. The plate was placed in front of the 
ionization chamber and moved along the horizontal beam width to measure the beam intensity for 
each beam segment. One of the segments in at the beam center (segment #8) was used as 
reference point. All other intensity values were normalized to this segment. 
The collected beam profiles of the 11.9 and 20.0 keV x-ray beams are presented in Figure 4.21. 
Along the horizontal direction, the uniformity increased slightly starting from the end associated 
with a low segment number. Although the flux remained nearly constant across the entire beam 
cross section, a steep decrease could be observed for the segments at each end of the x-ray beam. 
This effect can be explained by the inability to clearly identify the horizontal beam ends during 
the measurements.  
Overall, the irradiation system achieved a beam uniformity which was better than 8% for both 
photon energies. High uniformity of the x-ray beams minimizes the spread of the delivered dose 
for a single sample and is therefore an important factor for consistent and well-defined studies. 
A certain decrease in beam flux at both beam ends, as determined by the rather unconventional 
approach, is not necessarily a disadvantage for cell culture irradiations. In properly prepared 
samples, the biological cells are homogenously seeded over the entire bottom area of the culture 
vessel. The number of cells which might experience a treatment with a reduced beam flux is 
negligible, while the risk of accidental exposure of the container walls with intense x-ray beam is 
reduced. 
 
 
 
Figure 4.21 Flux profile of the diffracted x-ray beam with a monochromatic photon energy of 11.9 keV 
(left) and 20.0 keV (right). The relative standard deviation is less than 1% (corresponding error bars are not 
plotted). 
 
 
 
 
 
 
0 5 10 15
94
96
98
100
102
104
Beam Segment HðL
N
o
rm
.
B
ea
m
In
te
n
si
ty
H%
L
11.9 keV
0 5 10 15
94
96
98
100
102
104
Beam Segment HðL
N
o
rm
.
B
ea
m
In
te
n
si
ty
H%
L
20.0 keV
4. Treatment of Living Cells with Monochromatic keV X-rays 
48 
4.3. MCF-7 Dose-Response Curve for 11.9 keV X-rays 
This “proof of principle” validates the capabilities of the proposed irradiation system to generate 
reliable irradiation results that reflect the cellular response to monochromatic keV x-rays. The 
collected MCF-7 dose-response curve is intended to illustrate how non-perturbing experimental 
procedures lead to highly accurate and reproducible irradiation results. 
The MCF-7 cells were incubated as monolayer cultures in Dulbecco’s modified Eagle Medium 
(DMEM, Invitrogen), supplemented with 10% fetal bovine serum (FBS, Gibco) and antibiotics 
(100 units penicillin/mL and 100 µg streptomycin/mL, Gibco) at 37°C in a humid incubator 
continuously gassed with 5% CO2. At a confluence level of 80%, the cells were enzymatically 
dispersed, diluted, centrifuged, and resuspended in fresh medium. For the irradiation process, 104 
cells were seeded in a Falcon 353001 culture dish to a total volume of 2 mL and incubated for 
24h. A portable incubator (K-Systems, G95) provided the cell type-specific culture conditions for 
the MCF-7 cell line during the sample transportation to and from the CSL as well as for the 
sample storage at the BMIT facility. 
To set up the irradiation system, the monochromator tilting angle was calibrated to the inflection 
point of the collected gold L3-edge spectrum. The height and width of the calibrated x-ray beam 
was verified by illuminating photosensitive paper taped to the sample holder. The preamplifier 
sensitivity was set to 5 nA/V for the calibration procedure and set to 200 nA/V to accommodate 
the broad beam width during irradiations. The desired scan velocity of the sample holder was 
calculated in accordance with the surface dose measurements as given in Equation 4.5. The actual 
path length of the monochromatic 11.9 keV beam through the dish bottom was 2.02 mm (the 
beam transmission was 75.2%). The attenuation of the beam traversing from the ionization 
chamber to the sample (about 5 cm) was less than 2%. For the irradiation process, a single culture 
dish was placed onto the sample holder and moved horizontally through the diffracted beam. The 
beam spot size was controlled through the BMIT-BM computer interface. All irradiations were 
performed in single scan mode under the laboratory conditions present in experimental hutch 
POE-2. 
The irradiated samples were immediately returned to the CSL incubator to avoid the occurrence 
of cellular alterations caused by stressors other than the ionizing radiation itself. According to the 
modified MTT assay protocol, the post-irradiation incubation phase of three  MCF-7 doubling 
times (87h) was a valuable compromise to detect radiation-induced effects until overpopulation 
starts distorting the assessments of particularly low-dose samples. The cellular viability rate 
VR(DS) as a function of the delivered surface dose DS was calculated as the mean of the 
background-subtracted absorbance normalized to the control group. All reported cellular viability 
rates are depicted as percentage of the control group with each data point representing the mean 
and standard deviation of four independently treated samples. 
As shown in Figure 4.22, the assessed viability rate generally decreased as the dose increased. 
Irradiation of MCF-7 cells with a dose of 2 Gy reduced the viability rate to about 50%. Beyond 
this clinically relevant dose level, the cellular viability decreased even further to about 20% as 
measured for the highest applied dose level of 10 Gy. This observation was confirmed by optical 
microscopy investigations. The estimated number of living cells within the samples agreed with 
the measured viability rates and the notion that the detected plateau did not flatten around the zero 
point. Unfortunately, optical investigations do not distinguish between intact cells and cells which 
may undergo radiation-induced alterations (e.g. inhibited proliferation). However, all remaining 
cells in the irradiated samples did not exhibit any histology changes as far as they were detectable 
using optical microscopy. 
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Figure 4.22 Dose-response curve for the MCF-7 cell line exposed to monochromatic 11.9 keV x-rays. (A) 
Cellular viability as a function of the delivered surface dose and best fit curve (black line). (B) Residual plot 
and standard errors. 
 
The average relative standard deviation of less than 10% reflects the high reproducibility of the 
obtained results. The relationship between the cellular viability and the applied dose was further 
modelled using a normalized first-order exponential decay function: 
 
VRDS = exp−αVDS + βV 
 
Here, αV (Gy−1) is the rate constant and βV (%) describes the plateau-like pattern at the upper end 
of the dose range. The fit results are summarized in Table 4.7. The best fit curve is plotted on top 
the data points in Figure 4.22A. The small distances of each data point from the fit curve support 
the appropriateness of the phenomenological model to describe the cellular behavior. The random 
distribution of both positive and negative residuals (RES = VRobserved – VRexpected) confirms that the 
irradiation data does not differ systematically from the fit curve (Fig. 4.22B). Due to the random 
spread of data points above and below the fit line, the obtained residuals can be considered as the 
primary experimental errors for the collected data set. Further studies may compare the rate 
constant and constraining plateau with the results obtained for different cell lines or alternated 
irradiation modalities (e.g. photon energy). 
 
 
Table 4.7 Fit results for the MCF-7 dose-response curve at 11.9 keV. 
Parameter Estimate Standard Error P-Value 
αV 0.471 0.006 3 × 10−7 
βV 0.188 0.002 3 × 10−10 
 
 
Colony formation is the most frequently used method to quantify cell reproduction death after 
treatments with ionizing radiation (Franken et al. 2006). The collected survival curves are well 
described by the linear-quadratic formula (LQ-formalism), which assumes that lethal radiation 
damage is created either as a consequence of a single event (“track”)  killing (Type A, represented 
by the linear term in the formalism) or as a consequence of multiple event killing (Type B, 
quadratic term) (Pouget & Mather 2001). The exponentially decaying pattern of the collected 
dose-response curve now indicates that the primary cellular damaging effects induced by 11.9 
keV x-rays are similar to the lethal damage described by the linear term in the LQ-formalism, 
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which is the strongly dominating part, even at higher dose levels, for radiations of high linear 
energy transfer (high-LET) particles (Barendsen 1982).  
Overall, the scientifically satisfying results demonstrate the suitability of the system for reliable 
and reproducible monochromatic irradiations with highly-controllable experimental parameters. 
The continuous proliferation of cells within a single dish over the entire course of the experiment 
– beginning from the preparation, throughout the sample transportation, the irradiation treatment 
and post-incubation phase to the final analysis – not only elevated the study’s reproducibility, but 
also simplified the sample handling protocol and eliminates unnecessary stress factors through 
labor-intensive, time-consuming, and error-prone sample preparations or post-irradiation 
procedures. The ability to move the sample horizontally rather than vertically, together with the 
use of the portable incubator, facilitated the establishment of non-perturbing cell culture standards 
in synchrotron-based irradiation studies. As a result, the high accuracy and relative experimental 
error was considerably smaller than the relative error of 10% as determined for the modified MTT 
assay. 
Horizontal irradiations with monochromatic x-rays offer the possibility to perform clonogenic and 
viability irradiation assessments under identical experimental conditions. Complementary studies 
at BMIT-BM using both techniques consequently benefit from a comparability and credibility 
which, up to this point, remain unachieved by any synchrotron facility. The implementation of an 
environmental chamber would be one of the most essential improvements to the irradiation 
system. The development of a sample chamber for controlled atmospheric conditions (i.e. 
temperature, humidity level, gas composition) would allow cell cultures to be maintained under 
well-defined environmental conditions during long x-ray exposure times. A second beam slit 
system in front of the ionization chamber could automatically adjust the beam spot size to the 
dimensions of the culture vessel. The slit system should be implemented on an improved 
ionization chamber platform whose tilting angle is computer-controlled from the user station 
outside POE-2. 
The design of the irradiation system comes with abundant space around the sample holder. The 
integration of additional equipment beneath and, in particular, on top of the sample opens up new 
pathways for the use of sophisticated live-cell imaging technology in monochromatic keV x-ray 
studies. Bright-field or phase contrast imaging is widely used to investigate morphological 
changes during apoptotic, necrotic, or mitotic processes after irradiation (Suzuki et al. 2012). 
Recently developed imaging systems are even capable of acquiring bright-field, dark-field, and 
phase contrast images simultaneously in real-time (Liu et al. 2014). While these kinetic 
observations require extensive amounts of experimental time, rapid visualization techniques based 
on fluorescence microscopy can even provide insight into the mobility of damaged DNA, the 
assembly of DNA repair complexes, and other early radiation-induced processes at the sub-
cellular level (Karanam et al. 2013). A live-cell imaging system for the study of early and fast 
cellular response to DNA damage after high LET ion radiation was used to show that strand-break 
repair protein XRCC1 was recruited to the ion hit position within 20s in the cells and reached a 
maximum at about 200s (Guo et al. 2016). Functional assessments gain substantial information 
about the cellular behavior as a direct response to ionizing radiation. A plethora of these 
functional assays uses fluorescence probe molecules to visualize cellular events such as DNA 
fragmentation, damage or repair (Fairbairn et al. 1995), DSBs and apoptotic signaling cascades 
(Gorczyca et al. 1993), or the production of ROS (Gomes et al. 2005). The implementation of 
fluorescence imaging at BMIT-BM would broaden the prospect for radiobiological insights. 
Regardless of the realized live-cell imaging method in future synchrotron-based keV x-ray 
irradiation applications, the absence of any electron backscattering material within the vicinity of 
the diffracted x-ray beam path should remain unchanged. 
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5. The Role of Gold Nanoparticles in Monochromatic X-
ray Studies 
The work documented in the proceeding chapter of this dissertation was primarily motivated by 
the pioneer J. Hainfeld who used gold nanoparticles to enhance radiation therapy in mice 
(Hainfeld et al. 2004). Since then, several research groups have presented improved 
radiotherapeutic outcomes for different treatment modalities with gold nanoparticles as enhancing 
agents. For example, gold nanoparticles in conjunction with ionizing radiation retarded tumor 
growth compared to radiation-only controls in vivo (Chang et al. 2008), improved the 
radiotherapeutic outcomes for a radioresistant mouse squamous cell carcinoma in vivo (Hainfeld 
et al. 2010), and prolonged the long-term survival of brain-tumor bearing mice in vivo (Hainfeld 
et al. 2013). Other research groups proposed that gold nanoparticles increase the apoptosis of 
MCF-7 adenocarcinoma both in vivo and in vitro (Roa et al. 2012). Another combined in vitro 
study reported improved radiosensitization efficiency on rats bearing glioma in vivo at 
monochromatic 88 keV x-rays and on F98 glioma cells in vitro at monochromatic 50 keV x-rays 
(Bobyk et al. 2013). Several in vitro studies indicate enhanced radiosensitization of various cell 
lines to ionizing radiation as a direct result of the internalization of gold nanoparticles (Hu et al. 
2015; Geng et al. 2011; Polf et al. 2011; Jain et al. 2011; Rahman et al. 2011; Liu et al. 2010; 
Chithrani et al. 2010; Hébert et al. 2010; Roa et al. 2009; Zhang et al. 2008; Kong et al. 2008). 
Fundamental studies have presented nanoparticle-mediated radiation effects on cellular 
constituents such as DNA molecules (McMahon et al. 2011; Brun et al. 2009; Zheng et al. 2009) 
or proteins (Brun et al. 2009). 
The observation of improved radiotherapeutic outcomes has not been limited to the kilovoltage x-
ray energy region characterized by the dominating photoelectric effect. Increased 
radiosensitization in vitro has been detected at photon energies of 662 keV (Cs-137), 1.2 MeV 
(Co-60), and 6 MV beams generated with a linear accelerator (Kong et al. 2008; Roa et al. 2009; 
Chithrani et al. 2010). Improved therapeutic outcomes have even been observed for electron 
beams as primary ionizing radiation (Rahman et al. 2009; Chang et al. 2008; Zheng et al. 2008). 
These findings question the proposed mechanism for the radiotherapeutic effectiveness of gold 
nanoparticles based on the increased photoelectric absorption in the targeted tissue. Instead, some 
authors have apparently identified cellular and sub-cellular events (e.g. cell cycle modifications, 
increased generation of ROS, etc.) as the primary underlying mechanisms for the improved 
effectiveness of therapeutic radiation by gold nanoparticles. 
In this context, a rather dissatisfying situation addresses the need for meaningful studies that 
might help to reveal the true role of gold nanoparticles in radiation therapy. This chapter evaluates 
the role of gold nanoparticles on the MCF-7 cell line at the peak absorption coefficient ratio of 
gold and soft tissue (around 20.0 keV). The primary goal is to establish this photon energy as an 
anchor point for further systematic investigations into gold nanoparticles and their influence in 
radiotherapeutic applications. A deeper knowledge of the underlying mechanisms could help to 
modify the properties of gold nanoparticles or even design novel radiotherapeutic agents in order 
to improve radiation therapy. 
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5.1. Glucose-Functionalized Gold Nanoparticles 
Mammalian cells are unable to produce free glucose and must uptake the metabolic-relevant 
molecule via glucose transportation through the cell membrane. It has been proposed that glucose-
capped gold nanoparticles can be internalized via the glucose transportation mechanism, and 
previously generated results indicate that glucose-functionalized gold nanoparticles are partially 
internalized by MCF-7 cells via GLUT1-mediated transportation (Jing Yang et al. 2007; Zhang et 
al. 2008; Hu et al. 2015). When compared to their healthy counterparts, rapidly proliferating 
cancer cells are characterized by increased glycolysis (Baggetto 1992). Once administered into 
the patient’s body, glucose-functionalized gold nanoparticles should be selectively internalized 
with presumably higher uptake rates associated to energy-craving cancerous cells rather than 
healthy tissue. 
 
5.1.1. Preparation Route 
The Biology, Information Science, and Nanotechnology Applications Research Laboratory 
(“BINARY”) research group, located at the University of Alberta (UofA) Department of 
Electrical and Computer Engineering, fabricates monodisperse gold nanoparticles of different 
sizes and coatings. In accordance with the classical method introduced by Turkevich in the early 
1950s (Turkevich et al. 1951), gold colloids are synthesized using chloroauric acid (HAuCl4) as a 
precursor. All chemicals for the synthesis are purchased from Sigma-Aldrich Co., St. Louis, MO, 
USA. As recently performed, the following protocol fabricates “naked” and highly monodisperse 
gold nanoparticles with an average diameter of approximately 11 nm, as measured by dynamic 
light scattering (Kong et al. 2008; Roa et al. 2011). 
For the study presented in this dissertation, deionized water was purified by the Milli-Q Biocel 
system (ZMQ50F01, Millipore, USA). The initial solution was prepared by adding 3.2 mL of 25 
mmol/L HAuCl4 to a 125 mL clean Erlenmeyer flask containing 60 mL of deionized water. The 
solution was moderately stirred while being placed in an ice bath. Adding 2 mL of 30 mmol/L 
sodium borohydride (NaBH4) initiated the nanoparticle nucleation phase. The solution was stirred 
for about 5 min. The freshly prepared gold nanoparticles were further functionalized by adding 4 
mL of 20 mmol/L 1-thio-β-D-glucose to the gold colloid. The solution was subsequently stirred 
for 5 min. By covalently binding to the gold nanoparticle surface, the thiol-group connects the 
sugar molecule to the nanoparticle. After the preparation, remaining reducing agents or glucose 
molecules were removed from the gold colloids using filters. The total number of gold atoms can 
be roughly estimated from the amount of applied precursor (nAu = 4.8 × 1019 atom) resulting in a 
maximum concentration of gold atoms in the final colloidal solution of about catom = 7.0 × 1017 
atom/mL. 
Inductively coupled plasma mass spectroscopy (ICP-MS) is a suitable method to verify the total 
concentration of gold atoms in fabricated colloids. The UofS Department of Geological Science 
ICP-MS laboratory performs metal analysis with a detection limit below the single part per trillion 
(ppt) level and an ICP-typical working range larger than nine orders of magnitude (Scheffer et al. 
2008). According to the ICP-MS laboratory, the relative measurement error is less than 5% for 
detection of heavy elements such as gold. As measured by the ICP-MS laboratory, the 
concentration of gold in the glucose-free colloid was cAu = 7.3 × 10−5 g/mL. The concentration of 
gold in the functionalized gold colloid was cAu = 7.8 × 10−5 g/mL. These results are in agreement 
with the fabricated gold concentration of cAu = 8.6 × 10−5 g/mL as previously reported for 
phospholipid-coated gold nanoparticle solutions (Hao et al. 2012). 
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According to the mass of a single gold atom (MAu = 3.27 × 10−22 g), the concentration of gold 
atoms was catom = 2.2 × 1017 atom/mL for the glucose-free colloid and catom = 2.4 × 1017 atom/mL for 
the functionalized gold nanoparticle solution. The concentration of gold atoms at the beginning of 
the preparation route was about three times larger than the concentration of gold atoms in the final 
nanoparticle solutions. Several reasons might be responsible for the reduced concentration of gold 
atoms as determined by ICP-MS: a certain amount of gold atoms were not converted into 
nanoparticles during the synthesis; instead, gold atoms ended up in the sediment at the bottom of 
the reaction flask. Nucleation at the surface of the flasks collected a certain amount of gold atoms 
at the flasks or a certain amount of gold nanoparticles were filter out at the membranes. 
Nonetheless, the applied preparation route is capable of fabricating reproducible volumes of 
functionalized colloidal solutions with well-defined characteristics. 
 
5.1.2. Cellular Uptake Procedure 
The internalization of gold nanoparticles depends on the physiological context of living cells. Cell 
cultures can be understood as biological systems consisting of hundreds or thousands of single 
entities with identical phenotypic characteristics. In contrast to cell suspensions containing free-
floating cells, adherent cells grow in single monolayers on suitable substrate surfaces under an 
artificial environment specified by the culture medium. Adherent cells remain in direct contact 
with the culture medium which can be aspirated leaving intact cells at the culture vessel bottom. 
In this way, attached cells can be easily exposed to gold nanoparticles by adding pre-defined 
volumes of colloidal solution to the culture medium. During the uptake process, the exposed cell 
cultures are usually incubated under the typical cell type-specific culture conditions. The 
nanoparticle exposure immediately ends by replacing the gold-enriched medium with fresh 
culture medium while the cells remain in the culture vessel. The interaction of gold nanoparticles 
with constituents of the medium can lead to the formation of stable protein corona on the 
nanoparticle surface (Lynch et al. 2007). It is generally assumed that nanoparticles are 
homogeneously dispersed within the culture medium. Because sedimentation of nanoparticles in 
the culture medium would increase the particle concentration at the bottom of the culture vessels, 
high diffusion and sedimentation rates might lead to increased nanoparticle uptake kinetics and 
rates (Cho et al. 2011). For the nanoparticle uptake process, the culture conditions (e.g. culture 
composition, relationship between the culture volume with the size and shape of the culture 
vessel) are as important as the already investigated intrinsic properties (e.g. particle size, shape, 
surface charge and composition (Chithrani et al. 2006; Hühn et al. 2013; Lund et al. 2011)) and 
deserve full attention and careful consideration. 
All uptakes procedures mentioned in this dissertation were carried out using either 96-well plates 
or Falcon 353001 35 mm cell culture dishes. MCF-7 cells were seeded in the wells or dishes and 
incubated for 24h to allow the cells to properly attach to the bottom surface. Using 96-well plates, 
the attached MCF-7 cells were maintained in 200 µL culture medium per well. Prior to its use, the 
gold nanoparticle mixture was pre-heated to 37°C using a water-bath. For the nanoparticle uptake 
procedure, the current culture medium was replaced by gold colloid added to a reduced volume of 
culture medium (the total volume of the mixture was 200 µL). Using similar gold nanoparticle 
samples, the peak uptake concentration in SK-OV-3 cells had been observed after 48h (Geng et 
al. 2011).  However, studies with glucose-capped gold nanoparticles had shown that the uptake 
steeply increased for DU-145 cells until it reached a maximum after 4h (Roa et al. 2009). Because 
any occurring sedimentation of nanoparticles in the culture medium during the uptake period is 
expected to increase as the nanoparticle exposure time increases (Kato et al. 2010), short uptake 
periods should be accompanied by a negligible amount of probable sedimentation fractions. The 
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selected time period for the nanoparticle uptake was therefore set to 3h during which the MCF-7 
cells were incubated under the cell type-specific culture conditions. After the nanoparticle 
treatment, the mixture was carefully aspirated from the wells leaving “gold-enriched” cells inside 
the culture vessel. These cells were immediately washed with 100 µL phosphate-buffered saline 
(PBS) and finally allowed to proliferate undisturbed in 200 µL of fresh pre-warmed culture 
medium.  
MCF-7 cells maintained in 35 mm cell culture dishes were treated with a pre-warmed mixture of 
gold nanoparticle solution dissolved in culture medium (the total volume of the mixture is 2 mL). 
After 3h, the attached cells were washed with 1 mL PBS and finally maintained in 2 mL pre-
warmed culture medium. Every control group relied on a sham procedure based on incubating 
MCF-7 cell cultures in either 200 µL (96-well plate) or 2 mL (35 mm culture dish) culture 
medium devoid of colloidal solution. 
 
5.1.3. Intracellular Localization and Size Distribution 
Transmission electron microscopy (TEM) studies are suitable methods to reveal the intracellular 
distribution of internalized gold nanoparticles. As observed with high frequency, internalized gold 
nanoparticles are mainly contained within cytoplasmic vesicles, suggesting that the cellular 
uptake and trafficking inside the cells occurs predominantly by endocytosis (Liu et al. 2008; 
Chithrani et al. 2010; Albanese & Chan 2011; Jain et al. 2011). The detection of glucose-capped 
gold nanoparticles primarily internalized within cytoplasmic vesicles suggests that uptake occurs 
via an endocytic pathway (Zhang et al. 2008; Roa et al. 2009). However, a plethora of physical 
and chemical properties tend to influence the uptake mechanism and intracellular fate. For 
example, spherical gold nanoparticles have also been observed in sub-cellular compartments such 
as endoplasmic reticulum or the Golgi apparatus of B16F10 cells (Chang et al. 2008). The particle 
diameter appears to be one of the key factors for the intracellular destination of gold nanoparticles 
in cells. Gold nanoparticles with an average diameter of just a few nanometers have higher 
penetration capabilities and possess a much higher tendency to accumulate in intracellular 
constituents such as the nucleus (Oh et al. 2011; Huang et al. 2012). For the internalization of 
gold nanoparticles, the surface properties (i.e. coating, surface charge, etc.) are evidently key 
parameters that influence uptake mechanisms and rates. Overall, each nanoparticle hybrid system 
is unique and therefore causes unpredictable interactions to occur at the nano-bio interface. 
Located at the Cross Cancer Institute, the UofA Department of Oncology Cell Imaging Facility is 
equipped with a 200kV JOEL 2100 microscope and house a laboratory for the preparation of 
biological TEM specimen. Even though TEM is a powerful technique for deciphering the cell 
architecture and for visualizing sub-cellular biological compartments, the preparation of suitable 
specimens involves highly complex and critical steps (e.g. fixing, contrast enhancing, resin 
infiltration and plastic embedding, thin sectioning). For this reason, the specimen preparation was 
closely supervised by Mrs. Priscilla Gao3 who also assisted the microscope operation and image 
acquisition. Over the last decades, the following preparation method had been successfully 
established for the investigation of the intracellular fate of gold nanoparticles within biological 
cells at the UofA Medical/Dentistry E.M. Unit (Chen 1989). 
First, MCF-7 cells were plated on ACLAR® UltRX 2000 Film placed at the bottom of a culture 
dish. The attached cells were exposed to gold nanoparticles according to the uptake procedure as 
described above (Section 5.1.2.). After the nanoparticle uptake, the cells were immediately fixed 
                                               
3Mrs. Pricilla Gao, UofA, Department of Oncology, Cross Cancer Institute, Edmonton, Alberta, Canada, 
2016 Contact Information: Phone: 1-780-432-8458, E-mail: pgao@ualberat.ca 
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in 2% (v/v) paraformaldehyde in 0.1 M phosphate buffer to halt any cellular activity without 
altering the integrity of the intracellular structures. After fixing, any internalized gold 
nanoparticles and their positions within the hosting compartments were ultimately preserved. The 
treated cells were rinsed with a buffer solution and post-fixed in 1% osmium tetroxide (OsO4) in 
buffer. By embedding heavy elements directly into lipid parts, osmium tetroxide also acts as a 
contrast enhancer for cellular membranes. The cells were rinsed with the buffer one more time, 
incubated in freshly prepared 1% carbohydrazide solution, and rinsed three times with distilled 
water. Again, the cells were incubated in the 1% OsO4 buffer and subsequently rinsed with 
distilled water. After that, the fixed cells were dehydrated through a graded series of ethanol 
solutions with concentrations ranging from 30% to 100%. Dehydration using an organic solvent 
eliminates the water from the cells and prepares the sample to be embedded in a resin which is not 
miscible with water. A series of solutions containing 33%, 50%, and 66% of Spurr’s (EMS, 
#14300) in ethanol was applied to embed the specimen. Then, the infiltrated cells were transferred 
into a beam capsule filled with 100% Spurr`s and polymerized overnight. For the next step, 
ultrathin sections less than 50 nm thick were cut with an ultramicrotome. All sections were placed 
onto specimen grids and post-stained with 4% uranyl acetate and 1% lead acetate for increased 
contrast before finally washed with distilled water. Both acetates interact with the osmium 
tetroxide and enhance the contrasting effect for a wide range of cellular structures such as 
ribosomes, lipid membranes, and other compartments of the cellular cytoplasm. Finally, TEM 
images of the stained specimen were acquired using the JOEL 2100 operated in bright-field mode 
at 80 kV. 
Because any specimen preparation can lead to artefactual products in the object, it is genuinely 
recommended to study several control groups before analyzing the intracellular distribution of 
gold nanoparticles. The use of osmium tetroxide, for instance, creates lipid membranes which are 
highly electron dense. A thorough understanding of the images is essential to clearly identify and 
distinguish cellular structures such as cell nuclei or mitochondria (Fig. 5.1A). These sub-cellular 
structures clearly stand out due to the high electron diffraction contrast. A common mistake in the 
localization of intracellular gold nanoparticles with their high electron density is demonstrated in 
the second control image (Fig. 5.1B). Contrast-enhanced ribosomes with an average diameter of 
20-30 nm – observable as black spots in mitochondria – can be falsely identified as gold 
nanoparticles. For the detection of intracellular gold nanoparticles with an expected diameter in 
the scale region, it was of utmost importance to rule out any ambiguity error. 
As shown, spherical gold nanoparticles were successfully identified among cellular compartments 
across all specimens (Fig. 5.1C-H). At different image resolutions, the internalized gold 
nanoparticles were distinguishable from cellular structures due to their high contrast and their 
distinctive accumulation pattern. The internalization of nanoparticles was particularly evident 
within cytoplasmic vesicles. Internalization within cellular components such as nuclei or the 
cellular cytoplasm could not be confirmed, but small amounts of nanoparticles were found at the 
cell membrane. A closer look at the TEM images reveals that the glucose-capped gold 
nanoparticles tended to cluster (Fig. 5.1F-G). This heterogeneous accumulation was observed 
with high frequency across all investigated specimens. A potential translocation of gold-
containing vesicles towards specific cellular sub-structures such as mitochondria or the cell nuclei 
could not be confirmed in this work. 
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Figure 5.1 Intracellular distribution of gold nanoparticles within MCF-7 cells. (A) The first control image 
displays part of the cell nucleus including the nucleolus and a few mitochondria. (B) Black spots inside 
mitochondria visualize ribosomes. (C-H) Gold nanoparticles internalized within cytoplasmic vesicles are 
visualized at different magnification levels. 
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Once added to the culture medium, gold nanoparticles might be subject to multiple processes (e.g. 
formation of a biochemical corona) and may already form clusters before they actually approach 
the cells (Monopoli et al. 2011). The observation of nanoparticle clusters supports the occurrence 
of pre-internalization interactions among the particles (Fig. 5.1F-G). However, the observed small 
distance between the clustered gold nanoparticles indicates the presence of a rather thin 
nanoparticle surface coating made of low-density components (Fig. 5.1H). This result conflicts 
with the formation of thick protein coronas or nanoparticle clusters appearing before the actual 
uptake process. Instead, the organization of gold nanoparticles in clusters within cytoplasmic 
vesicles might be the result of a post-uptake nanoparticle arrangement within the cells (Fig. 5.1C-
D). Subsequent studies might reveal deeper insights into the intracellular distribution of gold 
nanoparticles. 
The preferred accumulation within cytoplasmic vesicles supports the hypothesis that the cellular 
uptake of gold nanoparticles mainly occurred via an endocytic pathway. The lack of gold 
nanoparticles within the cytoplasmic solution confirms this assumption. In contrast to the active 
endocytosis machinery, a passive internalization mechanism based on a diffusion process through 
the outer cell membrane should result in observations of a certain amount of free-floating gold 
nanoparticles. It should be mentioned, however, that free-floating nanoparticles within the 
cytoplasmic solution could be subject to an unwanted removal from the specimen during the 
preparation process with its numerous fixing and washing steps. 
For gold nanoparticles with a diameter of 13 nm, phagocytosis has been identified as the active 
cellular mechanism for the internalization (Mironava et al. 2010). In this specific endocytosis 
process, gold nanoparticles that are bound to the surface receptors are engulfed by the cell 
membrane to form internal vacuoles (i.e. phagosomes). Uptake kinetics via phagocytosis may 
strongly depend upon the nanoparticle ability to diffuse through the culture medium and to bind to 
surface receptors. For this reason, the nanoparticle surface biochemistry is expected to play a 
significant role in the active internalization mechanism. Instead of receptor-mediated endocytosis, 
nanoparticles floating in the culture medium can also be internalized via pinocytosis. This “cell 
drinking” mechanism takes extracellular fluids by forming an invagination followed by the 
formation of small vesicles. When pinocytosis is the primary uptake mechanism, the uptake rate 
might be raised by increasing the concentration of gold nanoparticles in the direct vicinity of the 
attached cells. At this point, further experiments are required to identify the primary uptake 
mechanism, as this TEM examination has not been designed for providing detailed information 
about the occurring endocytosis machinery. 
 
The acquired TEM images with magnifications of 50,000 and 100,000 (scale bars representing a 
length of 100 nm and 50 nm) were further analyzed to determine the size distribution of the 
internalized gold nanoparticles. For this characterization, the particle diameter was measured in 
units of pixels using the GNU Image Manipulation Program (GIMP) measure tool capable of 
determining the distance between two pixels in the given TEM image. The particle diameter was 
determined by measuring the distance between the two furthest pixels associated with a single 
nanoparticle on the horizontal level (i.e. the angle between the two pixels was zero). After that, 
the distance was compared to the maximum pixel distance for the imprinted scale bar which acted 
as reference. The established size distribution of the internalized gold nanoparticles was 
visualized in the form of a particle diameter frequency histogram (Fig. 5.2).  
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Figure 5.2 Particle diameter histogram of thio-glucose gold nanoparticles internalized within cytoplasmic 
vesicles. The computed Gaussian distribution (black line) models the shape of the histogram. 
 
The particle diameter distribution was modelled by the following probability density function P(x) 
of the standard Gaussian distribution using Mathematica’s non-linear fitting algorithm: 
 
P(x) =  Ad
σ√2π  × exp−
x − µ2
2σ2  
 
In this equation, the mean µ (nm) represents the center of the symmetrically shaved curve, σ (nm) 
is the standard deviation, and Ad (#) is the amplitude coefficient. For a direct comparison with the 
measured particle size frequency histogram, the computed Gaussian distribution is plotted on top 
of the histogram (Fig. 5.2). All obtained fit results (Tab. 5.1) are in agreement with the expected 
nanoparticle diameter in accordance with the applied preparation method capable of forming 
glucose-capped gold nanoparticles with an average diameter of about 11 nm as determined via 
TEM and Dynamic Light Scattering (Kong et al. 2008; Roa et al. 2011). 
 
 
Table 5.1 Fit results for the size distribution of internalized gold nanoparticles. 
Parameter Estimate Standard Error P-Value 
Ad 25.2 1.7 5 × 10−8 
σ 1.14 0.09 2 × 10−7 
µ 11.61 0.09 5 × 10−17 
 
 
To estimate the concentration of functionalized gold nanoparticles in the fabricated gold colloid, it 
was first necessary to calculate the number of atoms in a gold nanoparticle with a given particle 
diameter at first. Assuming perfectly spherical gold nanoparticles with a density identical to the 
bulk density of gold (ρAu = 19.3 gcm−3), the total mass of the gold nanoparticle Mnp with a diameter 
of µ = 11.6 nm was derived by considering the nanoparticle volume Vnp in accordance with: 
 
Mnp = Vnp × ρAu = 1/6 π µ3 × ρAu = 1.57 × 10−17 g 
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After that, the average number of gold atoms per nanoparticle Nnp was estimated by dividing the 
mass of a single gold atom (MAu = 3.27 × 10−22 g) from the total mass of a nanoparticle with a 
diameter of µ = 11.6 nm (Liu et al. 2007): 
 
Nnp = Mnp / MAu = 4.8 × 104 atom/np 
 
The concentration of gold nanoparticles in the synthesized colloid was finally calculated: 
 
cnp = catom / Nnp = 5.0 × 1012 np/mL 
 
Using Avogadro’s constant with NA = 6.022 × 1023 mol−1, the nanoparticle concentration can be 
expressed as cnp = 8.3 nmol/L. This result agrees with the nanoparticle concentrations as presented 
by the collaborating partners of the BINARY research group. A similar cell exposure to “15 
nmol/L” had been recently applied (Roa et al. 2011), while several authors mentioned cell 
exposures to “15 nmol” of gold nanoparticles (Zhang et al. 2008; Kong et al. 2008; Roa et al. 
2009). Also, the most recent ICP-MS results gained by Hao et al. reconfirm the calculated gold 
nanoparticle concentration as presented in this dissertation (Hao et al. 2012). 
 
 
5.2. Toxicological Assessment 
Over the past decade, the biological character of gold nanoparticles has been evaluated 
extensively both in vivo and in vitro (Alkilany & Murphy 2010; Lewinski et al. 2008). Existing 
literature presents conflicting data which can be partly attributed to the extensive yet unsystematic 
approaches. Various cell lines had been used and the nanoparticle properties such as size, shape, 
and surface properties differ unsystematically not only among studies, but sometimes even during 
single assessments. Because of the chemical inactivity, nanoparticles made of gold are generally 
expected to exhibit a biologically inert character. Even if stable nanoparticles may create certain 
levels of stress, it is not precluded that the occurrence of interactions at the nano-bio interface 
remains undetected and do not trigger observable response mechanisms. In this way, each gold 
nanoparticle sample has to be tested for its biocompatibility within the scope of the intended 
experiments. 
Mass spectroscopy measurements can determine the total number of gold nanoparticles within a 
given sample, but this disruptive method lacks the ability to differentiate between nanoparticles 
that have been successfully internalized and those that have merely attached to the outer cell 
membrane. Quantifying the average number of internalized gold nanoparticles for a single entity 
can only produce vague results and, in the worst case, may not even reflect the actual situation 
within the cells. On the other hand, the volume of a well-characterized gold colloid added to the 
culture medium provides the required information to reproduce the experimental conditions 
across multiple assessments. For this reason, the volume of colloidal solution was used as a 
representative of the concentration of gold nanoparticles applied to the targeted MCF-7 
population. 
In the following toxicological study, the cellular response of MCF-7 cells to being exposed to 
functionalized gold nanoparticles was quantified by MTT assessments. Toxicological studies 
based on MTT conversion are commonly performed in 96-well plates. The first assessment 
intentionally mimicked these conditions and tested MCF-7 cells seeded in 96-well plate with a 
concentration of 103 cell/well to a total volume of 200 µL. The cells were allowed to attach to the 
bottom of the well while being incubated. On the next day, the cells were exposed to a 
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consecutive series of gold concentrations in accordance with the nanoparticle uptake procedure. 
Despite increasing the volume of gold colloid added to the culture medium, the total volume of 
the mixture in each well was kept constant (200 µL). Several control groups were treated with 
identical volumes of PBS instead of gold colloid to exclude that the applied volumes of culture 
medium within the wells alone influence the cellular viability. After the exposure, the mixtures 
were aspirated from each well, the cells were carefully washed with 100 µL PBS and finally 
maintained in 200 µL fresh culture medium. The cellular viability was assessed after three MCF-7 
doubling times (87h) during which the cells proliferated undisturbed under the cell line-type 
specific culture conditions. At the study’s end-point, final analysis was conducted in accordance 
with the manufacturer’s standard MTT protocol (see Section 3.2.). The results are shown in 
Figure 5.3A and Figure 5.3B with each displayed data point representing the mean and standard 
deviation of five independent measurements. 
The second toxicological assessment was a clone of the first assessment with one major 
exception: instead of 96-well plates, Falcon 353001 cell culture dishes were used as culture 
vessels. MCF-7 cells with a concentration of 104 cell/dish to a total volume of 2 mL were seeded 
and subsequently incubated. On the next day, the cells were exposed to a series of mixtures 
consisting of either gold colloid or a buffered thio-glucose solution BTS in culture medium. The 
culture dishes were incubated for 3h in accordance with the procedure above. Next, the mixture 
was removed; the remaining cells were washed with 1 mL of PBS and finally maintained in fresh 
culture medium for 87h. In this assessment, the cellular viability of each cell population was 
quantified in accordance with the modified MTT protocol (see Section 3.2.1.). The results are 
shown in Figure 5.3C and 5.3D with each displayed data point represents the mean and standard 
deviation of four independent measurements.  
The results imply that the treatment of MCF-7 cells with gold nanoparticles did not influence the 
cellular viability (Fig. 5.3A). The viability rates remain unchanged over a wide range of gold 
nanoparticle concentrations in the culture medium (the maximum ratio of gold colloid to culture 
medium was 1:4). This observation confirms the biologically inert character of glucose-capped 
gold nanoparticles for the tested MCF-7 cell line. The integrity of toxicological viability studies is 
questioned by the assumption that the internalized gold nanoparticles may influence the 
conversion of MTT salt into formazan crystals. Nonetheless, the relative standard deviation of 
about 20% was comparable to the error usually achieved in standard MTT procedures. For this 
reason, the obtained results confirm the assumption that the internalized gold nanoparticle did not 
interact with the reactant or the reduced products. Figure 5.3.B shows that reduced concentrations 
of the culture medium did not affect the integrity of the viability assessment based on the 
reduction of MTT into formazan. Neither did the presence of PBS increase the relative error of 
the standard method. 
Assessing the cellular viability of nanoparticle-treated MCF-7 cells maintained in culture dishes 
rather than small wells produced very similar results (Fig. 5.3C). The viability rates are almost 
constant for colloid-media ratios up to 1:5. The plotted data set also visualizes the increased 
precision of the absorption measurements. The relative standard deviation of four independent 
measurements is about 10%. An increased concentration of sugar-molecules in the culture 
medium presumably supports the metabolic activity with potential influence on the cellular 
conversion of MTT into formazan (Vistica et al. 1991). To verify this statement, culture medium 
enriched with thio-glucose diluted in a phosphate-buffered solution (BTS) was used in the final 
experiment. Here, the concentration of glucose in BTS was comparable to the concentration of 
glucose in the functionalized gold colloid. However, adding high concentrations of thio-glucose to 
the culture medium did not mediate any cellular functions responsible for the conversion of MTT 
into formazan crystals (Fig. 5.3D). 
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Figure 5.3 Toxicological assessments. Standard assessments: Cellular viability of MCF-7 cells exposed to 
(A) glucose-caped gold nanoparticles or (B) PBS in medium. Modified assessments: Cellular viability of 
MCF-7 cells exposed to (C) glucose-capped gold nanoparticles or (D) buffered thio-glucose solution (BTS) 
in medium. 
 
Reduced cell culture volumes did not affect the integrity of the toxicological assessments based 
on the conversion of MTT by viable MCF-7 cells. Neither did the presence of increased amounts 
of glucose in the culture medium stimulate the cellular reduction of MTT. Although the presented 
toxicological study is not entirely completed yet, the gained information supports the statement 
that the available functionalized gold colloid was highly biocompatible. Also, internalized 
glucose-capped gold nanoparticles diluted in the culture medium did not interfere with the cellular 
reduction of MTT into formazan. 
 
 
5.3. Nanoparticle-Mediated Cellular Response to Deviating Conditions 
Although the toxicological assessment indicates that the internalization of glucose-capped gold 
nanoparticles did not affect the cells, the presence of gold nanoparticles must be considered as an 
additional parameter to the number of experimental variables that define the final irradiation 
experiments. Complex in vitro irradiation studies are accompanied by experimental steps which 
can create stress-related or even disrupting effects on the living tissue. For example, during the 
sample transportation from the biology laboratory to the irradiation facility, the environmental 
conditions vary strongly and may induce certain stress4. It is of the utmost importance to clearly 
                                               
4The University of Saskatchewan Life Science Building is located at the south end of the campus while the 
Canadian Light Source is located about 25 walking minutes further north. In Saskatoon, the local 
temperature can drop below -25°C from November until March. 
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identify and control all experimental parameters and to eliminate factors that may potentially 
influence the cellular behavior with distressing consequences on the final outcomes. 
The following simulation evaluates the impact of internalized gold nanoparticles during a plain 
sample transportation. The sample transportation was deliberately executed without the use of 
proper cell culture equipment which otherwise provides optimal cell type-specific culture 
conditions. Here, the environmental culture conditions available in the laboratory fume hood (i.e. 
RT, air) were used as a test atmosphere to observe any cellular mechanisms triggered by the gold 
nanoparticles in a possibly inadequate experimental procedure. For this test, a first group of MCF-
7 samples was prepared (104 cell/dish in 35 mm culture dishes) and treated with 200 µL gold 
nanoparticles in accordance with the nanoparticle uptake procedure described above. The second 
group of the MCF-7 samples (sham control) was treated with culture medium devoid of the 
nanoparticle solution. 
At this point, the experiment was split into two parts. In the first session, both types of MCF-7 
samples (with or without gold nanoparticles) were stored either in the incubator (characterized by 
environmental conditions of 37°C and 5% CO2 in humidified air) or in the laboratory fume hood 
(RT, air) for 2h. In the second session, MCF-7 samples with and without gold nanoparticles were 
stored either in the incubator or in the fume hood for an extended period of 5h. All samples stored 
in the fume hood were covered with aluminum foil to protect them from incident light. After the 
exposure to the deviated environmental conditions, every sample group was then placed in the 
incubator and allowed to proliferate undisturbed for three MCF-7 doubling times (87h). After the 
post-exposure incubation phase, the cells were harvested using 500 µL Trypsin and 1.5 mL of 
culture medium and, after centrifugation and resuspension, homogenously reseeded in five wells 
of a 96-well plate. The plate was incubated for another 24h to allow cells to attach to the well 
bottoms. The viability rate of each sample was finally assessed in accordance with the standard 
MTT protocol. Each experiment was performed in quadruplets. 
Figure 5.4 illustrates the cellular viability rates of the MCF-7 samples (with and without gold 
nanoparticles), which were exposed to the different environmental culture conditions for 2h. The 
incubated MCF-7 cells treated with gold nanoparticles showed a slightly reduced cellular viability 
rate of 93% as compared to the particle-free control group. Compared to the toxicological 
assessment discussed in the section above, this observation indicates that the presence of gold 
nanoparticles did not influence the cellular behavior during trypsinization, cell centrifugation, or 
other involved cell transfer steps. In contrast, particle-free MCF-7 cells suffered when exposed to 
the environmental conditions available in the fume hood as illustrated by the reduced cellular 
viability rate of 79% compared to the incubated particle-free control group. Although the treated 
cells were allowed to recover for three doubling times, the exposure of MCF-7 populations to the 
environmental conditions in the fume hood for 2h must be recognized as a strong cellular stressor 
with consequences on the cellular viability. The response of MCF-7 cells maintained at a 
temperature below the cell type-specific 37°C might range from a simple inhibition of cell 
proliferation (cells “go to sleep”) to severe lethal effects which may be responsible for triggering 
a programmed cell death. Slight changes in the pH of the culture medium were observed after the 
exposure to the laboratory conditions. However, the minor shift to a more acidic pH value (pink 
phenol red has a minor orange color tone) could be neglected when compared to the pH change 
caused by the production of waste products within one or two MCF-7 doubling times under 
standard incubator conditions. At this point, the underlying mechanisms responsible for the 
reduced cellular viability was not further investigated. The gold-enriched MCF-7 cell populations 
that were subsequently exposed to the unfavorable environmental conditions exhibited an even 
further reduced cellular viability rate of 68%. Nonetheless, the difference to the viability rate of 
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the particle-free MCF-7 sample maintained outside the incubator remained statistically non-
relevant. 
 
 
 
Figure 5.4 Cellular response to deviated environmental culture conditions (2h). The cellular viability of 
particle-free (white bars) and particle-containing (grey bars) MCF-7 populations are shown as a function of 
the environmental conditions. 
 
The same trend was observed in the second assessment in which all samples were exposed to the 
different environmental conditions for 5h (Fig. 5.5). As done before, all samples were allowed to 
recover from any potential stress factors during the applied post-treatment incubation phase of 
87h. As long as the samples were properly maintained under the cell type-specific culture 
conditions, the internalization of glucose-capped gold nanoparticles did not cause any viability-
reducing effects. The measured viability rate of 105% of the particle-containing MCF-7 cells 
reconfirms the previous observation that the internalized gold nanoparticles did not influence the 
cellular behavior regardless of whether the adherent cells undergo potentially stress-related steps 
such as a change of culture vessel. In contrast, the exposure of particle-free MCF-7 to the 
environmental conditions in the fume hood led to a reduced cellular viability of 73%. After 5h in 
the fume hood, MCF-7 cell populations treated with gold nanoparticles exhibited a significantly 
reduced cellular viability of 54%. Compared to the particle-free MCF-7 sample stored under 
identical yet deviating environmental culture conditions, the viability reduction is statistically 
relevant this time. 
 
As demonstrated in this study, the exposure of living cells to standard laboratory conditions can 
generate misleading experimental results which then fail to reflect the true results obtained from 
the treatment to ionizing radiation alone. The reduction of cellular viability for particle-containing 
MCF-7 cells maintained under the alternating environmental conditions (68% after 2h and 54% 
after 5h) must not be neglected. It is highly recommended to verify each sample handling 
procedure and its appropriateness for in vitro irradiation studies. Cell cultures are sensitive to 
changes of their microenvironment such as fluctuations in temperature, pH value, nutrient, and 
waste concentrations. As illustrated, slight differences in the environmental culture conditions can 
become a serious stressor with impact on the cellular viability of the tested population. Now, the 
occurrence of internalized gold nanoparticles even mediates the cellular response to deviating 
environmental conditions.  
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Figure 5.5 Cellular response to deviated environmental culture conditions (5h). The cellular viability of 
particle-free (white bars) and particle-containing (grey bars) MCF-7 cell populations are shown as a 
function of the environmental conditions. 
 
The observed effect could be the origin of misleading interpretations and final assumptions about 
the potential improvement effectiveness induced by the tested enhancement agent. To circumvent 
these obstacles, meaningful studies must guarantee the absence of any nanoparticle-mediated 
cellular response to deviations from the optimal cell type-specific culture conditions. The same 
measures must be taken in advance to avert possible misleading results induced by any clearly 
identified or undiscovered stress factor. To obtain irradiation results reflective of the radiation-
induced biological effects only, it is a necessity to minimize the number of stress factors – known 
and unknown – which, at the end, is equal to minimizing the number of experimental parameters 
of the applied irradiation procedure. 
 
 
5.4. Irradiation Study Using 20.0 keV X-rays 
Because the photon attenuation coefficient ratio of gold and soft tissue peaks at around 20 keV, 
this x-ray energy is accepted an anchor point for every kind of systematic X-ray investigations 
about the role of gold nanoparticles in radiation therapy. Now, to evaluate the role of gold 
nanoparticles in radiobiological studies in a scientifically adequate way, a well-documented and 
verified experimental procedure is a prerequisite. 
The following procedure had been applied in the validation study for the irradiation system using 
11.9 keV x-rays (Section 4.3.). The novel synchrotron-based irradiation system (Section 4.2.) 
enabled the treatment of living cell cultures while proliferating undisturbed and uninterrupted 
under the cell line-specific conditions. The modified MTT protocol was applied to quantify the 
cellular viability of entire cell populations maintained in dishes also used as irradiation vessels 
(Section 3.2.1.). A valid transportation strategy had to be designed to provide optimal 
environmental conditions during the sample transfer to and from the biology laboratory and the 
sample storage while at the radiation facility site. 
 
5.4.1. Experimental Procedure 
The portable incubator G95 by K-Systems generates suitable environmental conditions within the 
incubator chamber for the transport and storage of human cell lines (K-Systems 2013). In this 
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study, the incubator was equipped with up to five heating blocks, each of them manufactured to 
hold two Falcon 353001 culture dishes. The heating blocks were stored in the laboratory 
incubator. The portable incubator chamber was purged with pre-mixed gases through a quick-
snap valve at the rear side. Two gas cylinders, either located at the CSL or connected to the BMIT 
gas line, provided a pre-mixed gas of 5% CO2 in air as required for the proper handling of human 
cell lines. The atmospheric humidity level in the incubator chamber was artificially raised using 
autoclaved water. The water was preheated to 37°C and poured into two culture dishes. The 
dishes were placed on top of the heating block stack inside the incubator chamber. During 
operations, evaporated water created the desired humidity within the chamber. High gas flow 
rates during the purging procedure can lead to osmotic changes of the culture media causing 
heavy impairment of cellular viability and irreversible loss of cellular function. 
To evaluate the suitable gas output pressure, standard MCF-7 populations with a cell 
concentration of 104 cell/dish in 35 mm culture dishes were used as test samples. For every 
sample group, four culture dishes were loaded into the warming blocks which were immediately 
stacked inside the portable incubator chamber. The chamber was closed and purged with the pre-
mixed gas using various output pressures. After the purging procedure, the chamber was 
completely sealed. After one hour the dishes were transferred to the laboratory incubator where 
the cells proliferated for 87h. The resulting viability rates as a function of the output pressure 
were finally assessed in accordance with the modified MTT protocol. Once the operational 
pressure range was determined, samples of MCF-7 cell populations were transported to the 
radiation facility site. At the BMIT gas line, the incubator chamber was opened for 2 min, closed, 
and subsequently purged. This procedure was repeated four times every 15 min. The portable 
incubator was then purged, properly sealed, and returned to the CSL where all MCF-7 samples 
were incubated for 87h. The cellular viability was quantified in accordance with the modified 
MTT protocol. The obtained viability results are compared to two control groups. The first control 
group remained in the laboratory incubator under the cell type-specific culture conditions 
throughout the experiment. The second group was stored in the fume hood for one hour and acted 
as a positive control. The obtained results are displayed in Figure 5.6 with each bar representing 
the mean and standard deviation of four independent measurements. 
Purging the incubator chamber with an output pressure of 1 bar (bar 2 in Fig. 5.6) resulted in a 
viability rate of nearly 98% compared to the incubated control group. However, the relative 
standard deviation of 7% is larger than the relative standard deviation of 3% as calculated for the 
control group, though. Deeper investigations revealed that the viability rate for this sample group 
gradually decreases with the stack position inside the chamber with the highest viability rate 
measured for the block at the bottom. The smallest viability rate was measured for the cell 
population placed in the top warming block. This observation led to the assumption that osmotic 
changes of the culture media gradual decrease the cellular viability; however, a decrease of the 
temperature in the portable incubator had to be considered as well. Both gas containers (at the 
CSL and BMIT) are stored at room temperature. It is obvious that purging decreases the 
temperature in the portable incubator chamber until the temperature sensor re-activates the built-
in heating element. Before the conditions inside the chamber return to the defined temperature of 
37°C, the cells may experience a certain stress caused by the inappropriate culture environment. 
Nevertheless, a reduced output pressure to 0.5 bar successfully eliminated the gradual decrease of 
cellular viability. Even though the viability rate increases to non-relevant 104% (bar 3) when 
compared to the incubated control group, the relative standard deviation of 3% is almost equal to 
the standard deviation of the control group. Furthermore, the viability rates are randomly 
distributed around the overall mean and do not provide any information about the stacking 
position inside the chamber. Apparently, reducing the output pressure to 0.5 bar allowed the 
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incubator to maintain the pre-defined temperature level. As a consequence, the regulator output 
pressure and the gas panel pressure at the BMIT gas line were set to 0.5 bar. The viability rate of 
MCF-7 cells transferred to and stored at the radiation facility (labelled “BMIT”) is identical (bar 
4) to the viability rate of the incubated control group. The relative standard deviation is about 5% 
and the viability rate for each individual cell population is randomly distributed around the mean 
value (not shown). To visualize the significance of the established transportation procedure, the 
viability rate of nanoparticle-free MCF-7 cells stored in the fume hood (“Hood”) is also plotted. 
The cells exhibited an essential reduction of viability rate to 89% within one hour when compared 
to the incubated control group. This result is in agreement with the observations made in the 
previous section (Section 5.3.) and demonstrates the importance of a sample-oriented transfer 
strategy. Overall, the developed infrastructure provides optimal environmental culture conditions 
for the transportation and storage of MCF-7 cell cultures outside the laboratory incubator. 
 
 
 
Figure 5.6 Verification of the sample transportation strategy. The cellular viability is shown as a function 
of the storage location. The influence of the regulator output pressure on the cellular viability is illustrated 
by bar 2 (labelled: Port.Inc; pressure: 1 bar) and bar 3 (labelled: Port.Inc; pressure: 0.5 bar). Bar 5 
represents the positive control group (labelled: Hood). 
 
The established transportation strategy closed the gap in an experimental procedure for the 
treatment of cell cultures at synchrotron beamlines. The entire MCF-7 sample cycle, beginning 
from the sample preparation until the final analysis, is illustrated in Figure 5.7. At the beginning, 
the samples are prepared using 35 mm cell culture dishes under the conditions in the fume hood at 
the CSL. (Fig. 5.7A). The properly attached MCF-7 cells can subsequently be treated with gold 
nanoparticles (Section 5.1.3.). Next, the samples can be transferred to the radiation facility under 
the cell-type specific conditions provided by the sample transportation system (Fig. 5.7C). At the 
BMIT facility site, the cell cultures remain in the portable incubator chamber until they are placed 
onto the sample holder of the irradiation system as described in Section 4.2.1. (Fig. 5.7D). The 
irradiated culture dishes are temporarily stored to the portable incubator and, once the batch of 
samples is finished, immediately returned to the biology laboratory (Fig. 5.7E). Here, the cells are 
allowed to proliferate undisturbed for a pre-defined post-treatment phase in the laboratory 
incubator (Fig. 5.7F). After that, the viable cells in the irradiation vessel convert the yellow MTT 
salt into purple formazan crystals which are subsequently dissolved in DMSO as described in full 
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detail in Section 3.2.1 (Fig. 5.7F). At the end, the absorbance of a given sample is 
spectrophotometrically quantified as described in Section 3.2.1. (Fig. 5.7G). 
The proposed irradiation procedure eschews cell transfers between different culture vessels. A 
single 35 mm culture dish serves as sample container throughout the entire synchrotron-based 
irradiation experiment. In addition, the biological cells are uninterruptedly maintained under their 
cell type-specific culture conditions during the entire course of the experiment. The nanoparticle 
uptake procedure remained the only “disturbance” experienced by the cells – besides the 
treatment with keV x-rays. The number of experimental parameters is consequently reduced to an 
absolute minimum. The probability that unidentified and uncontrolled variables influence the 
cellular behavior should be negligible when compared to previously executed irradiation 
procedures at synchrotron beamlines. Due to the thoroughly developed experimental protocol, any 
disturbances in the sample handling procedure can be immediately identified. Deviations from the 
optimized procedure can be detected at once giving the user the ability to initiate correctional step 
even during experimental sessions. 
 
The overall high quality of the MCF-7 11.9 keV dose-response curve (see Section 4.3.) already 
demonstrated the suitability of the protocol which is capable of producing results within less than 
a week including the sample preparation, nanoparticle uptake, monochromatic irradiation, and 
final assessment.  
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Figure 5.7 Irradiation procedure for MCF-7 cell cultures maintained in 35 mm cell culture dishes. (A) The 
procedure begins with the sample preparation under the conditions in the fume hood. (B) The attached cells 
can be treated with gold nanoparticles. (C) The samples are maintained under cell type-specific 
environmental conditions during the transport and storage at the radiation facility. (D) The culture dishes 
are scanned horizontally through the monochromatic keV x-ray beam at BMIT-BM and (E) returned to the 
laboratory. (F) The irradiated cells are stored in the laboratory incubator. (G) The viable cells convert MTT 
salt into purple formazan crystals subsequently dissolved in DMSO. (H) The procedure ends when the 
amount of dissolved formazan is spectrophotometrically quantified. 
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5.4.2. MCF-7 Dose-Response Curve for 20.0 keV X-rays 
The following study relied on the verified procedure which was already applied to collect the first 
11.9 keV dose-response curve for the breast cancer cell line MCF-7 (see Section 4.3.). The 
resulting cellular viability as a function of the delivered surface dose is illustrated in Figure 5.8A. 
In contrast to the 11.9 keV x-ray dose-response curve, each data point represents the mean and 
standard deviation of either two or three independent measurements due to contamination issues 
in the laboratory. As a consequence, the relative standard deviation varies strongly among the 
collected data points. However, the shape of the 20.0 keV dose-response curve is similar to the 
shape of the 11.9 keV curve. As already observed for the 11.9 keV dose-response curve, the 
assessed viability decreases as the dose increases in the clinically relevant dose region (≤	2 Gy). 
The irradiation of MCF-7 cells with 2 Gy of 20.0 keV x-rays reduces the viability rate to 60%. In 
contrast to the 11.9 keV x-ray dose-response curve, the effectiveness of 20.0 keV x-rays became 
less dose-dependent beyond 2 Gy while the measured plateau is significantly elevated. With 
increasing radiation energy, the ratio of photons interacting with soft tissue via Compton 
scattering increases and becomes dominant at around 30 keV. The elevated curve plateau for 20.0 
keV x-rays compared to 11.9 keV x-rays might be explained the increasing contribution of 
scattering effects compared to photoelectric absorption. It should also be noted that the 
transmission of 11.9 keV x-rays in the culture dish bottom (75.2%) is significantly smaller than 
for 20.0 keV x-rays (86.5%) as discussed in Section 4.2.4. The low plateau at 11.9 keV may 
indicates that the attenuation of photons in the dish bottom may create certain effects (e.g. 
emission of low-energy electrons) that add up to the surface dose induced by the therapeutic 
radiation. Culture dishes with bottoms made of thin layers of Mylar or Kapton would reduce the 
attenuation of photons drastically. Further studies at various energies may resolve whether the 
raised plateau can be related to the interaction of therapeutic photons within the living cells or the 
material placed in front of the targeted tissue. 
Again, optical microscopy examinations did not detect any histology modifications for the 
continuously proliferating cells even after the treatment with 10 Gy. The absence of any stress-
indicators at the cell surface supports the hypothesis that a relative large fraction of MCF-7 cells 
can be characterized as radioresistant. While more than half of the tested MCF-7 population were 
radioresistant to 20.0 keV x-rays, the same MCF-7 population showed a rather radiosensitive 
character for the exposure to 11.9 keV X-rays (see Section 4.3.). 
 
Figure 5.8 Dose-response curve for the MCF-7 cell line exposed to monochromatic 20.0 keV x-rays. (A) 
Cellular viability as a function of the delivered surface dose rate and best fit curve (black line). (B) Residual 
plot and standard errors. 
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In accordance with the fit process described above (see Section 4.3.), the relationship between the 
viability rate VR(DS) and the surface dose DS was sufficiently described by the following 
normalized first-order exponential decay function: 
 
VRDS = exp−αVDS + βV 
 
Again, αV (Gy−1) is the rate constant and βV (%) describes the plateau-like behavior at the upper 
end of the dose range. Table 5.2 summarized the obtained parameters for the best fit. The 
mediocre quality of the collected data set is mirrored in the large P-value for the rate constant, but 
the random distribution of both positive and negative residuals (RES = VRobserved – VRexpected) suggests 
that the survival data does not differ systematically from the phenomenological model (Fig. 5.8B). 
 
 
Table 5.2 Fit results for the MCF-7 dose-response curve at 20.0 keV. 
Parameter Estimate Standard Error P-Value 
αV 0.82 0.36 6 ×10−2 
βV 0.57 0.02 2 ×10−6 
 
 
Because of the exponentially decaying shape of the MCF-7 dose-response curves for both photon 
energies, the largest viability changes occur in the low dose region. After a characteristic surface 
dose of about 4 Gy (11.9 keV) or 2 Gy (20.0 keV), the cellular response to the ionizing radiation 
was nearly constant with respect to the delivered dose as illustrated by the broad plateau in the 
corresponding survival curves. 
According to the physical rationale, the emission of Auger electrons and the following deposition 
of additional energy in the vicinity of the internalized gold nanoparticles is the primary 
mechanism responsible for an enhanced radiotherapeutic effectiveness of keV x-rays. However, 
the verified exponentially decaying pattern in the dose-response curves implies that the ratio of 
radiosensitive cells in the irradiated population decreases drastically with increasing dose levels. 
In the dose region characterized by a plateau-like viability, the majority of cells associated with a 
certain radiosensitivity have already lost their integrity to proliferate while only those cells which 
showed a highly radioresistant behavior continued growing after the treatment. Secondary 
radiation should be less effective in generating damaging effects in the latter group which is 
characterized by invulnerability to ionizing radiation. On the other hand, an increased local dose 
and the appearance of additional damaging effects should create a significantly elevated level of 
stress for cells which tend to respond radically to ionizing radiation. As a consequence, the impact 
of the gold nanoparticles on the cellular integrity to proliferate after irradiation might depend on 
the level of applied radiation dose with any nanoparticle-induced effects only being detectable in 
the low dose region. Based on these implications and the circumstance that fractionated clinically 
dose levels are usually set below a dose level of 2 Gy, the following gold nanoparticle study 
focused on the lower dose region around the determined dose threshold for 20.0 keV x-rays. 
 
5.4.3. The Ineffectiveness of Gold Nanoparticles at 1 Gy 
In the first irradiation experiment, MCF-7 cells treated with and without gold nanoparticles were 
exposed to 1 Gy of monochromatic 20.0 keV x-rays. The nanoparticle uptake was performed in 
accordance with the established protocol (see Section 5.1.2.). In this assessment, a consecutive 
5.4. Irradiation Study Using 20.0 keV X-rays 
71 
series of colloid volumes ranging from 0.2 mL to 1 mL was applied to the prepared MCF-7 
cultures. The established irradiation procedure, as described in Section 5.4.1., provided the 
important cell type-specific culture conditions during the experiment. The results for the first 
assessment are displayed in Figure 5.9 with each data point representing the mean and standard 
deviation of four independent measurements. The average relative standard deviation of less than 
10% reflects the overall high quality of the collected data set. The small error bars display not 
only the overall high precision achieved by the modified MTT assay, but also indicate the 
importance of an experienced sample handling (i.e. preparation, transportation, and assessment) 
for the production of credible data sets. 
In this assessment, particle-free MCF-7 cells exposed to 1 Gy of 20.0 keV x-rays exhibited a 
decreased viability rate in accordance with the dose-response curve presented above (Section 
5.4.2). The cellular viability rate of about 64% (bar 2) was lower than the rate of about 83% as 
measured for the dose-response curve, but just slightly lower than the 75% as calculated from the 
fit curve. The large difference between the measured rates could be attributed to the mediocre 
quality of the dose-response data set. Varying cell cycle stages among different experimental 
sessions could be another explanation for the observed divergence, too. Depending on the 
irradiation experiment, the prepared MCF-7 samples had to be incubated until the irradiation 
system was operational and the synchrotron conditions (e.g. high electron current in the storage 
ring, sufficient time until the next injection of electrons into the storage ring) enabled the 
consecutive treatment of an entire batch of samples. For those reasons, the pre-treatment 
incubation phase ranged from less than one hour to about 8h. The prepared cells could have 
reached different stages of the cell cycle with may have influenced their susceptibility to 20.0 keV 
x-rays. 
 
 
 
Figure 5.9 Cellular viability of MCF-7 cells treated without (white) and with (grey) gold nanoparticles after 
the exposure to 1 Gy of 20.0 keV x-rays. 
 
For MCF-7 samples treated with volumes of colloidal gold of 0.2 mL, 0.5 mL, and 1.0 mL, the 
respective measured viability rates of 62%, 67%, and 62% were homogenously distributed around 
the viability rate of the irradiated nanoparticle-free MCF-7 sample. The treatment of MCF-7 cells 
with high concentrations of gold nanoparticles before the irradiation with 1 Gy of 20.0 keV 
consequently did not lead to a further reduction of cellular viability. Proof must be presented 
showing that high volumes of colloidal gold in the culture mixture increases the concentrations of 
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internalized gold nanoparticles within the targeted MCF-7 cells. Further studies might evaluate 
the relationship between the nanoparticle concentration in the culture medium and the cellular 
uptake rate. If nanoparticles are preferably internalized via pinocytosis, the uptake rate is 
proportional to the concentration of gold nanoparticles in the vicinity of the cells. In this case, 
large volumes of colloidal gold in the culture mixture should increase the nanoparticle 
concentrations in the cellular vesicles. Although the radiosensitization of MCF-7 cells varied 
strongly around a surface of a dose of 1 Gy as illustrated by the 20.0 keV dose-response curve, the 
first radiotherapeutic assessment suggests that even large concentrations of internalized gold 
nanoparticles did not mediate the radiosensitization of the MCF-7 cell line to 1 Gy of 20.0 keV x-
rays. 
As a result, the identical viability rates for all MCF-7 samples illustrated the lack of any 
nanoparticle-mediated influences for 20.0 keV x-rays. Instead, the recorded data set emphasizes 
the overall credibility of the applied irradiation procedure which was characterized by a 
minimized number of experimental parameters. In this manner, the obtained results can also be 
understood as an indicator for the overall suitability of the established procedure. 
 
5.4.4. The Ineffectiveness of Gold Nanoparticles at 2 Gy and 4 Gy 
In the final irradiation session, MCF-7 cells treated with gold nanoparticles were exposed to a 
dose level of either 2 Gy or 4 Gy. All irradiations were performed in accordance with the 
established irradiation procedure. This time, the post-treatment incubation phase lasted 80h, 
instead of 87h. The reduced post-treatment proliferation phase was expected to influence the 
number of self-replicating cells within the irradiated samples. For that reason, any comparisons of 
the results obtained in both assessments must be handled carefully as they may differ 
systematically due to the larger post-irradiation proliferation phase. However, direct comparisons 
of the results obtained in the final assessments are still valid. In this experiment, the control group 
was divided into a particle-free and a particle-containing sample. Both samples were sham 
controls, meaning that they were treated identically to the irradiated samples with the exception of 
the direct exposure to the x-rays. In this manner, every control group was placed onto the sample 
holder with the x-ray beam completely blocked. The applied “exposure” time of 5 min was 
equivalent to the actual exposure time for the treatment of MCF-7 cell cultures with 2-4 Gy of 
20.0 keV x-rays. 
As shown in Figure 5.10, the measured viability rate of 101% for the non-irradiated particle-
containing group (bar 2) is almost identical to the viability rate of the non-irradiated particle-free 
control group (bar 1). The relative standard deviation of slightly less than 10% is in overall 
agreement with the results obtained for the modified assay protocol. So, the nanoparticle-
containing MCF-7 cells did not suffer from any stress factor when compared to the particle-free 
control group. This result supports the absence of any external stress factors during the transport 
or storage at the BMIT facility. Exposure of particle-free and particle-containing MCF-7 cells to 2 
Gy of monochromatic 20.0 keV x-rays led to reduced viability rates of 74% and 73%. After the 
treatment with 4 Gy of 20.0 keV x-rays, particle-free and particle-containing MCF-7 cells 
exhibited viability rates of 69% and 70%. As observed at the 20.0 keV dose-response curve, the 
treatment of particle-free MCF-7 cells with x-ray doses beyond 2 Gy did not necessarily decrease 
in cellular viability any further. The relatively high viability rates compared to the values obtained 
from the dose-response curve (distributed around a value of 60%) can be explained by the 
reduced post-irradiation incubation phase and the inhibited progression of radiation-induced lethal 
effects in direct comparison to the undisturbed proliferation of cells in the control groups. Thus, 
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the obtained viability rates agree well with the results obtained for the 20.0 keV MCF-7 dose-
response curve. 
Considering both irradiation sessions, the administration of gold nanoparticles did not mediate the 
response of MCF-7 cells to 20.0 keV x-rays. Even at irradiation dose levels beyond typical 
fractionated clinical levels, the internalization of gold nanoparticles did not enhance the 
radiobiological effectiveness of 20.0 keV x-rays in vitro. These results are contrary to the 
observations made in previously reported in vivo and in vitro studies. 
 
 
 
Figure 5.10 Cellular viability of MCF-7 cells treated without (white) and with (grey) gold nanoparticles 
after the exposure to 2 Gy and 4 Gy of monochromatic 20.0 keV x-rays. 
 
The lack of any observed radiotherapeutic enhancement for photons with energies at the peak 
attenuation coefficient ratio of gold and soft tissue could be the result of an insufficient uptake or 
an unfavorable distribution of gold nanoparticles within the targeted cells. The characteristic sub-
cellular confinement within cytoplasmic vesicles and the particular absence of gold nanoparticles 
in the vicinity of cellular components of vital importance explain why the viability rates for the 
irradiated gold-enriched samples were mostly identical to viability rates of the particle-free 
counterparts. The average range of Auger electrons in soft tissue is just a few nanometers, 
resulting in a steep fall-off of absorbed dose from the center of the internalized nanoparticles, 
especially in the lower kilovoltage photon energy regime (Leung et al. 2011). In this case, any 
additional damaging effects induced by the emission of Auger electrons should primary occur 
within cytoplasmic vesicles. The question arises whether low-energy electrons are capable of 
causing severely damaging effects inside these compartments. Further studies might investigate 
the nature and the progression of confined damaging effects and why they do not cause severely 
lethal effects on the targeted cells which, at the end, remain their integrity in terms of metabolic 
activity and reproduction despite the occurrence of such disturbing events. 
 
Any additional damaging effects induced by gold nanoparticles in radiation therapy might need to 
progress for a certain amount of time until they cause detectable events on the cellular level. Such 
events might be observable not days but weeks after the irradiation. In contrast to clonogenic 
assays, viability assessments such as the standard MTT assay have characteristic end-points 
usually 24h or 48h after the intended treatment. In this work, all samples were assessed after 87h 
(or 80h). The selected time frame might be too short for the evaluation of potentially progressing 
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damaging effects induced by gold nanoparticles. However, the collected dose-response curves 
illustrate how the established method is capable of quantifying radiation-induced effects by 11.9 
keV and 20.0 keV x-rays on the MCF-7 cell line. While an inadequate concentration of gold 
atoms near cellular compartments of vital importance seemed to be a plausible explanation for the 
lack of enhanced radiotherapeutic effectiveness, the frequent accumulation of gold nanoparticles 
within cytoplasmic vesicles already mediates cellular behavior at deviating environmental culture 
conditions (Section 5.3.). The influence of gold nanoparticles on cellular behavior differs strongly 
depending upon the experimental conditions in form of the cellular stressor such as deviating 
environmental culture conditions or ionizing radiation. Reliable gold nanoparticle irradiation 
studies must discuss the possibility of such a nanoparticle-mediated behavior and its 
consequences on the final irradiation results. 
 
The obtained “negative” results about the enhanced radiotherapeutic effectiveness of 20.0 keV x-
rays by gold nanoparticles conflict with the encouraging results documented in the existing 
scientific literature. Every nanoparticle hybrid system is unique and may induce different 
interactions at the nano-bio interface. Numerous gold nanoparticle studies have reported the 
accumulation of internalized gold nanoparticles within cytoplasmic vesicles as a result of an 
endocytic cellular uptake mechanism. These studies should have been able to observe the 
nanoparticle-mediating cellular response to deviating culture conditions. Every gold nanoparticle 
irradiation study on living cells must consider this effect and is directly confronted with its 
negative implications unless the biology laboratory is right next to the radiation facility. If this 
condition is not given, any recorded “positive” outcome might be interpreted as enhanced 
radiation effectiveness by gold nanoparticles by mistake. Any misinterpreted enhancement can be 
the result of independent mechanisms affecting the cellular integrity at different levels and times. 
A sub-additive or even supra-additive combination of multiple effects would complicate the 
interpretation of an obtained outcome considerably. 
Radiobiological in vitro studies are highly complex and require scientifically accurate methods in 
order to evaluate the role of potential enhancement agents such as gold nanoparticles. 
Experiments based on non-validated procedures generate doubtful results and can be easily 
discredited. At the end, questions remain whether any observed effects can be related to a 
radiotherapeutic enhancement. In its place, unknown nanoparticle-cell interactions could be the 
origin of the detected alterations in the cellular behavior. 
To avoid negative repercussions for this research field, the validation and establishment of 
experimental standards at the upmost level should be the first step before executing extensive 
studies on living tissue. 
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6. Conclusion and Outlook 
Gold nanoparticles are promising adjuvants for improving the effectiveness of ionizing radiation 
on living tissue in vivo and in vitro. To promote this technology into clinical therapeutic 
applications, a profound understanding about the underlying mechanisms is imperative and can 
only be achieved through systematic examinations. Synchrotron light facilities – with their unique 
capacity to generate intense, monochromatic and tunable x-rays – fulfil the experimental 
qualifications to investigate the role of the nanosized protagonists in radiation therapy. However, 
research projects at the interface of synchrotron science and cell biology are directly confronted 
with compromising irradiation conditions and questionable experimental procedures. Extensive 
work is required to establish systematic studies that meet the needs defined by each discipline 
involved in this research field. Before this work introduced a new method for the treatment of 
living cells with monochromatic keV x-rays at synchrotron beamlines, the standard synchrotron-
based in vitro irradiation experiment had been divided into consecutive experimental parts. For 
each part, the most common approaches as well as their strengths and weaknesses were evaluated 
in relation to the experimental conditions for cell cultures. If identified as problematic, the 
questionable part was either modified or completely redesigned to meet to the upmost standards. 
The commonly used strategy for the treatment of living cells with keV x-rays at synchrotron 
beamlines involved a vertical scanning process and several pre- and post-irradiation protocol steps 
causing questionable consequences on cellular integrity. This work proposed a novel approach for 
synchrotron-based cell culture irradiation based on the use of a bent silicon wafer in Laue 
geometry as a monochromatizing device. Implemented at the bending magnet beamline BMIT-
BM, the constructed irradiation system enabled horizontal irradiations of standard culture dishes 
with purely monochromatic x-rays from about 10 keV to 30 keV. In addition, the high x-ray beam 
intensity allowed to deliver large dose levels of up to 10 Gy within tolerated exposure times. 
Living cells maintained in common culture vessels were taken from the laboratory incubator, 
exposed to x-rays through a horizontal rather than vertical scanning process, and returned to the 
incubator without disturbing and interrupting the cellular growth. In allowing the cells to 
continuously proliferate under optimal conditions, the genuine approach circumvented the 
limitations of previous in vitro irradiations at synchrotron beamlines. The horizontal set-up even 
opens up a pathway for promising bright-field, phase-contrast, or even fluorescence imaging 
applications at synchrotron beamlines. Combined live-cell imaging and rapid functional 
assessments could create novel opportunities to study radiation-induced events at synchrotron 
beamlines. 
Deviating culture conditions before and after the irradiation process can be the origin for cellular 
stress factors which then significantly alternate the cellular behavior. A portable incubator 
provided the required cell type-specific culture conditions for the sample transportation and 
storage outside the cell laboratory. By generating a culture environment identical to the 
environment available in the laboratory incubator, the portable device closed an important gap 
which has been generally neglected in the literature. The universal transportation strategy is not 
limited to the use of culture dishes but embraces the use of flasks and tubes as culture vessel as 
well. 
To validate the applied experimental procedure and to assess the cellular response to therapeutic 
radiation, the conversion of the yellow MTT salt into formazan crystals by viable cells was 
preferred to the time-consuming and work-intensive colony formation. The standard MTT 
protocol was modified to quantify the amount of formazan directly solubilized in the irradiation 
vessel. The direct dish read-out produced data sets with an accuracy and precision that can be 
6. Conclusion and Outlook 
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hardly achieved with the standard method. The linear relationship between the initial cell number 
and the measured absorbance over a broad cell number range offered multiple options for key 
parameters such as the initial number of seeded cells or the duration of the post-irradiation 
proliferation. The developed measurement process made otherwise necessary cell transfers 
obsolete and is generally not restricted to the use of culture dishes. As shown, toxicological 
assessments benefit from an increased level of quality for the collected data sets. The suitability of 
the modified MTT assay for the quantification of the cellular response to keV x-rays was 
documented for the breast cancer cell line MCF-7. In contrast to clonogenic assessments, the 
rapid analytical method generated meaningful irradiation results after only three MCF-7 doubling 
times. The measured 11.9 keV dose-response curve was phenomenologically well-described by a 
first order exponential decay indicating that the cellular damage induced by 11.9 keV x-rays is 
comparable to the lethal effects caused by high linear energy transfer (LET) particles. Despite the 
appearance of critical experimental inconveniences, the 20.0 keV dose-response curve 
reconfirmed the general observations made at 11.9 keV. 
The established experimental protocol – characterized by horizontal sample irradiations, a sample 
transportation strategy, and a direct sample read-out process – guaranteed the uninterrupted and 
undisturbed proliferation of cells under their cell type-specific culture conditions throughout the 
entire experiment from the sample preparation to the final assessment. Putting all pieces together, 
the presented irradiation procedure was defined by a minimized set of highly controllable 
experimental parameters with the ionizing radiation being the only cellular stressor. Synchrotron-
based irradiations, conducted under these conditions, maintain the integrity of the living sample to 
the upmost. By successfully circumventing the limitations at the interface of synchrotron science 
and cell biology, the irradiation procedure avoids the production of misleading irradiation results 
and the successive generation false conclusions. Following irradiation studies on living cells are 
expected to benefit from the established high level of credibility and acceptance. 
In the final chapter of this dissertation, the role of gold nanoparticles was evaluated at the peak 
photon attenuation coefficient ratio of gold and soft tissue (20.0 keV). The prepared gold 
nanoparticles with an average diameter of about 11.6 nm had been functionalized with thio-
glucose. According to mass spectroscopy measurements, the concentration of nanoparticles in the 
available colloid solution was comparable to the concentrations applied in previously conducted 
enhancement studies. Transmission electron microscopy provided valuable information about the 
intracellular distribution of the nanoparticles at the time of the treatment. As successfully 
illustrated, MCF-7 cells internalize glucose-capped nanoparticles via an endocytic pathway. The 
nanoparticles were mainly internalized within cytoplasmic vesicles where they frequently 
assembled in form of clusters. The toxicological study confirmed the predicted nanoparticle 
biocompatibility for the MCF-7 cell line. Despite their biological inert character, internalized gold 
nanoparticles were capable of affecting the cellular behavior tremendously. The cellular response 
to deviating cell culture conditions (i.e. standard laboratory conditions) was significantly 
mediated. Further research activities may reveal the nature of the observed interaction of gold 
nanoparticles and the hosting cells. Novel therapeutic technologies may even exploit the 
nanoparticle-mediating cellular behavior under deviating culture conditions. The nanoparticle-
induced effect was successfully eliminated by implementing a sample transportation and storage 
strategy which allowed the living cells to proliferate under their cell line-specific culture 
environments. As demonstrated, the employed portable incubator provided the necessary 
environmental conditions to guarantee the absence of an otherwise systematic error in the 
recorded irradiation data sets. The final in vitro study revealed that the internalized gold 
nanoparticles did not enhance the radiotherapeutic effectiveness of 20.0 keV x-rays. The observed 
lack of enhancement at the anchor point for the x-ray energy is in direct conflict with the 
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encouraging results documented in the scientific literature. These circumstances raise serious 
questions about the appropriateness of the methods applied in recently conducted studies. The 
new perspective on the role of gold nanoparticles, including the nanoparticle-mediated cellular 
response to deviating culture environments, hopefully strengthens awareness of cellular integrity 
as a key parameter in irradiation studies. Studies that do not sufficiently care for the biological 
cells have a high chance of suffering from misleading results and false conclusions about the 
effectives of gold nanoparticles in vitro. 
Following research activities may focus attention on the intracellular fate of gold nanoparticles 
and intensify the investigations into the role of gold nanoparticles in radiation therapy as a 
function of the intracellular distribution of the heavy element. The accumulation of high 
concentrations of gold in the vicinity of cellular compartments of vital importance such as the cell 
nuclei or mitochondria should be awarded with high priority. Live-cell imaging or functional 
assessments based on fluorescence microscopy could support these investigations by identifying 
events on the cellular or even sub-cellular level. 
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